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Prepared by the Jet Propulsion Laboratory, California Institute of Technology, 
for the U.S. Department of Energy through an agreement with the National 
Aeronautics and Space Administration. 


The JPL Flat Plate Solar Array Project is sponsored by the U.S. Department of 
Energy and is part of the National Photovoltaics Program to initiate a major 
effort toward the development of cost-competitive solar arrays. 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United Slates Government nor any 
agency thereof, nor any of their employees, makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the accuracy, com- 
pleteness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. 

Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise, does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the United States 
Government or any agency thereof. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the United Slates Government 
or any agency thereof. 


This document reports on work done under NASA Task RE- 152, Amendment 
419, DOE/NASA 1AA No. DE-AI01 -85CE89008. 



ABSTRACT 


This document contains abstracts of final reports, or the latest 
quarterly or annual, of the Flat-Plate Solar Array (FSA) Project Contractors 
of Jet Propulsion Laboratory (JPL) in-house activities. At the time of 
publication, some Contractor final reports have not been received. 

Also contained in this document is a list of proceedings and 
publications, by author, of work connected with the Project. 

This work has been conducted under a contract with the U.S. Department 
of Energy (DOE) as part of the National Photovol taics Program. The aim of 
this program has been to stimulate the development of technology that will 
enable the private sector to manufacture and widely use photovoltaic systems 
for the generation of electricity in residential, commercial, industrial, and 
Government applications at a cost per watt that is competitive with utility 
generated power. 


FSA Project activities have included the sponsoring of research and 
development efforts in silicon refinement processes, advanced silicon sheet 
growth techniques, higher efficiency solar cells, solar cell/module 
fabrication processes, encapsulation, module/array engineering and 
reliability, and economic analyses. 
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FINAL REPORT ORGANIZATION 


The Flat-Plate Solar Array Project Final Report , Volumes I through VIII, 
JPL Publication 86-31, 5101-289, DOE/ JPL-1012-125 , October 1986, is composed 
of an Executive Summary and seven technology reports. Two supplemental 
reports included in the FSA final report package are: 

FSA Project: 10 Years of Progress , JPL Document 400-279, 5101-279, 

October 1985. 

Summary of FSA Project Documentation: Abstracts of Published Documents, 

1975 to 1986 , JPL Publication 82-79 (Revision 1), 5101-221, 
DOE/JPL-1012-76 , September 1986. 


Upon request, the Final Report (JPL Publication 86-31) and the two 
supplemental reports [JPL Document 400-279 and JPL Publication 82-79 
(Revision 1)] are individually available in print from: 

National Technical Information Service 
U.S. Department of Commerce 
5285 Port Royal Rd. 

Springfield, VA 22161 


or 


U.S. Department of Energy 
Technical Information Center 
Publication Request Section 
P.0. Box 62 
Oak Ridge, TN 37830 
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PROJECT OFFICE IN HOUSE ABSTRACTS 


TITLE: Energy Research and Development Agency LSSA 

Project. Proceedings of the First Task 
Integration Meeting 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1976 

REPORT NO: ERDA JPL 1012-76/1, and 5101 2 

AVAILABILITY: NTIS, PC A16/MF AO!; 1 

ABSTRACT: The LSSA Project convened the first LSSA Task 

Integration Meeting at JPL on January 13, 14 and 15, 1976. 
The primary objectives of this first Task Integration 
Meeting were: To provide an overview of LSSA Project 

technical plans, progress, and problems for all Project 
participants; and to further identify and establish the 
technical interfaces within and between LSSA Project 
tasks. The purpose of this document is to disseminate, as 
quickly as possible, the material that was presented at 
the meeting. This includes summaries of the second day 
task sessions as presented by each task manager during the 
review. The document consists of the vugraphs used in the 
presentations, a brief summary from each contractor, and a 
brief summary of the meeting. 


TITLE: Energy Research and Development Agency LSSA 

Project. Proceedings of the 2nd PIM 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 1976 

REPORT NO: ERDA JPL 1012 76/4, and 5101 5 

AVAILABILITY: NTIS, PC A1I/MF A01 ; 1 

ABSTRACT: The LSSA Project convened its second PIM (the 

first meeting was called Task Integration Meeting) at the 
California Institute of Technology campus in Pasadena, 
California, on April 27-28, 1976. (An ERDA/ JPL in-house 
review and critique of the previous two day session was 
held on April 29.) The primary objectives of this meeting 
were to integrate the LSSA Project technical plans and 
activities, to further identify and establish the technical 
interfaces, and to provide an overview of Project technical 
plans and status. The purpose of this document is to dis 
seminate the material that was presented at the meeting, 
Including summaries of the second day task sessions as pre 
sented by each task manager. The document includes view 
graphs used in the presentations, technical progress sum- 
maries from the contractor; and a brief summary of the 
meeting . 


TITLE: Proceedings of the 3rd PIN 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: July 1976 

REPORT NO: ERDA JPL 1012-76/7, and 5101 8 

ABSTRACT: The PIM of the LSSA Project was conducted July 

28 and 29, 1976, at the California Institute of Technology; 
fome technology development task meetings were held during 
the preceding two days as well. The PIM began with a gen 
eral introductory seasion, in which the current status of 
the ERDA Photovoltaic Program, the LSSA Project, other Pro 
gram elements, recent solar-cell module test experience at 
JPL, cost analysis methods developed by the Battelle con 
tract with the Encapsulation Task were briefly reviewed. 
These are summarized In Section II of these proceedings. 
Next, the participants were divided, and In each of two 
periods three Intratask or Intertask sessions were con- 
ducted. The Silicon Material Task 1 held an Tntrataak 
session and participated in an Intratask session with the 
Large Area Silicon Sheet Task 2. Task 2 had an Intra 
task Meeting prior to the PIM, and participated in Inter- 
task sessions with Task 1 (above) and with Encapsulation 
(Task 3) and Automated Array Assembly (Task 4). Task 3 
also held pre PIM Intratask Meetings, and participated in 
the 23 4 session. Large Scale Production, Operations, 
and Engineering held one Intertask seasion among themselves 
and another with Task 3. These are summarized, sometimes 
from the perspective of more than one participating Task, 


in Section III. Finally there was a concluding general 
session, which Included statements of summary status, con- 
clusions, and action items by the Task 1-5 Managers and 
the Project and Program Managers. The Task Sunxnaries are 
included in Section III; the Management conclusions and 
action items are given in Section I. 


TITLE: First Annual Report, January 1975 to March 1976 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 9, 1976 

REPORT NO: ERDA- JPL 1012-76/5, and 5101 3 

AVAILABILITY: NTIS, HC 

ABSTRACT: The LSSA was established to greatly reduce the 

price of solar arrays by the improvement of manufacturing 
technology, by adaptation of mass production techniques, 
and by helping achievement of user acceptance. The Pro- 
ject’s approach included the development of technology, 
its transfer by industry to commercial practice, the evalu- 
ation of the economics Involved, and the stimulation of 
market growth. The activities and progress of the LSSA 
Project during its first year are described in this 
document which covers all project activities, with primary 
emphasis on the technical plans and accomplishments. The 
development of manufacturing technology is now and will 
continue to be performed principally by industries and uni- 
versities. To date, 24 contractors are working on new Si 
refinement processes, S i - sheet growth techniques, encapsu 
lints, and automated assembly studies. Nine more contrac- 
tors have been selected to perform additional technology 
investigations and their contracts are being negotiated. 
Additional Contracts will be issued in the future as prom 
ising ideas appear. 


TITLE: Quarterly Report, April to June 1976 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 8, 1976 

REPORT NO: ERDA JPL 1012-76/6, and 5101-7 

AVAILABILITY: NTIS HC A08/MF A01 

ABSTRACT: Activities and progress of the LSSA Project dur 

ing April, May, and June 1976 are described. This involved 
the awarding of additional contracts, an evaluation and 
clarification of plans and working relationships with con 
tractors, the receipt of initial technical results, and an 
expansion of activity in the evaluation and Improvement of 
the solar cell modules that are included in the project's 
first procurement (46 kW> . For the most part, the new 
manufacturing technology is being developed under contract 
by industries and universities. It Includes the considers 
tion of new Si refinement processes, Si sheet growth tech 
niques, encapsul ants , and automated assembly production. 
During this report period analytical and experimental 
accomplishments resulted from day to day activities that 
are the early efforts of a long range plan. Thirty one 
contracts have been awarded and two more are being nego 
Hated. Five companies have delivered 20 kW out of a total 
purchase of 46 kW of ''off-the-shelf" modules that will be 
used in ERDA’s Test and Demonstration Activities. The same 
five companies have just been awarded contracts for the 
purchase of 130 kW of semi st andard i zed modules at an aver 
age selling price of $15.50/W. 


TITLE: Quarterly Report 2, July to September 1976 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1976 

REPORT NO: ERDA JPL 1012-77/1, and 5101-10 

AVAILABILITY: NTIS, PC A08/MF A01 

ABSTRACT: The potential for future widespread use of PV 

systems for the generation of electric power was the moti 
vation for the establishment, in January 1975, of the PV 
conversion program by ERDA* s division of solar energy. 

The program* 9 activities are planned to develop and to pro 
mote the use of PV systems to such an extent that the pri 
vate sector will produce and utilize cost competitive PV 
systems. As part of the ERDA program, the LSSA was 
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established in January 1975. The project objective is to 
develop the national capability to produce low-cost, 
long-life PV arrays at a rate greater than 500/megawat ts /yr 
and a price of leas than f500/kW peak by 1986. 


TITLE: Quarterly Report 3, October to December 1976 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1976 

REPORT NO: ERDA-JPL 1012-77/2, and 5101 24 

AVAILABILITY: NTIS, PC A06/HF A01 

ABSTRACT: The potential for future widespread use of PV 

systems for the generation of electric power was the moti- 
vation for the establishment, in January 1975, of the PV 
conversion program by ERDA's Division of Solar Energy. 

The program's activities are planned to develop and to 
promote the use of PV systems to such an extent that the 
private sector will produce and utilize cost competitive 
PV systems. As part of the ERDA program, the LSSA was 
established in January 1975. The activities and progress 
of the LSSA Project during the months of October, November, 
and December 1976 are described. The Project objective is 
to develop the National capability to produce low cost, 
long-life PV arrays at a rate greater than 500 megawatts/yr 
and a price of less than $500/kW peak by 1986. The array 
performance goals include an efficiency greater than 10% 
and an operating lifetime in excess of 20 years. The 
approach is to reduce the cost of solar cell arrays by 
improving solar array manufacturing technology and by in- 
creasing solar array production capacity and quantity. 

Forty seven contracts beve been awarded to date, to Indus 
trial firms and university and independent laboratories 
for experimental work, process development and analysis, 
technology assessment, and the production of solar array 
modules. Approximately 58 kW of state of the art modules 
have been delivered; design development is under way for a 
second block of moderately advanced modules, and planning 
for subsequent module procurements has begun. 


TITLE: Direct Conversion Technology Si Cell 

AUTHOR: Ralph Lutwack 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1977 

REPORT NO: DOE JPL 01697 

AVAILABILITY: NTIS-01697 

ABSTRACT: The major block to the employment of PV conver 

sion systems for terrestrial power generation is economic. 
Scientific and engineering efforts to supply the requisite 
technology and programs to Insure the high volume produc- 
tion of suitably low cost PV arrays are necessary to 
achieve commericlal practicability A technical assessment 
of a program to develop PV conversion systems technology 
for large scale terrestrial energy applications was per 
formed. The set of conclusions and recommendations from 
this assessment included: (l) The primary PV system can 
didate is single crystal Si. The program for developing 
the technology for low cost and high volume production 
should be comprised of tasks for solar cell grade Si, large 
area single crystal Si, automated array fabrication, array 
encapsulation, and improved conversion efficiency, (?) Thin 
film solar cells of CdS/C^S, polycrystal Si and GaAs as 
well as organic and other novel materials and devices 
should be placed in a category of candidates whose techni 
cal capabilities are yet to be proven. The development 
programs for these systems should be for the development 
of practical devices, (3) A concerted effort will be neces 
sary to provide the information base for the design of PV 
systems for power generating Installations, and (9) Nation 
al laboratories should be instituted for the collection, 
processing, and dissemination of insolation data and for 
conducting independent tests and evaluations of materials, 
devices and systems. The assessment also included a man 
agement plan and a recommended budget for the implementa 
tlon of the overall program. The single crystal Si cell 
is the primary candidate in the program to develop PV con 
version systems due to these attributes: the theory and 

technology are well developed, the energy conversion effi 


clency is high, the base material is abundant, the techni 
cal goals to achieve terrestrial utilization are well de 
fined, and the attainment of commericlal practicability has 
a high probability. Si modules for terrestrial use are 
presently priced at about |30/W p . A reduction in price 
to $5/Wp would require and extensive development program, 
the crucial element being the perfection of a means for the 
continuous production of single crystal Si in large area at 
high volume. The EFG which has been under development for 
more than 2 yr, has great potential but it must still be 
converted into an automated, continuous process to be 
ut l li zable . 


TITLE: Proceedings of the 9th PIN 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1976 

REPORT NO: 5101-11 

ABSTRACT: The 4th PIK was held October 27-28, 1976 at 

Caltech, with attendance restricted to technical represent- 
atives from all organizations that are or will be working 
on the LSSA Project. A JPL/ERDA in house review of the 
two- day meeting was held the evening of October 28. The 
objectives of the PIN were to integrate the LSSA Project 
technical plans and activities, with special presentations 
on automated solar cell manufacturing assessments and 
economic analyses of Si sheet growth and ingot cutting, to 
further identify and establish the technical interfaces, 
to exchange technical data, and to provide an overview of 
LSSA Project technical plans and status. 


TITLE: Proceedings of the 5th PIM 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1977 

REPORT NO: 5101-18 

ABSTRACT: The Fifth PIN was held January 17 and 18, 1977 

at the San Diego Hilton Hotel, held in sequence with the 
ERDA Semiannual National Solar Photovoltaic Review. The 
objectives of the Fifth PIN were to integrate the LSSA 
Project technical plans and activities, to assess Project 
activities in the areas of higher efficiencies, costs, 
economics, and manufacturing; to exchange technical data 
at the working level and provide an overview of LSSA Pro 
ject technical plans and status. The two major topics 
covered were cost versus efficiency and manufacturing 
processes for solar cells and solar arrays. 

TITLE: Quarterly Report 9, January to March 1977 

CORPORATE AUTH: Jet Propulsion Laboratory 

REPORT NO: DOE JPL 1012 77/3, and 5101-32 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT* This report describes the activities of the LSSA 
Project during the period January through March 1977. The 
LSSA Project is assigned responsibility for advancing Si 
solar array technology while encouraging industry to reduce 
the price of arrays to a level at which PV electric power 
systems will be competitive with more conventional power 
sources early in the next decade. Set forth here are the 
goals and plans with which the Project intends to accomp- 
lish this, and the progress that was made during the 
quarter. The Project objective is to develop the national 
capability to produce low cost, long life PV arrays at a 
rate greater than 500 megawatts per year and a price of 
less than $500/kW peak by 1986. The array performance 
goals include an efficiency greater than 10% and an 
operating lifetime in excess of 20 yr. 


TITLE: Proceedings of the 6th PIN 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: Nay 9 5, 1977 

REPORT NO: 5103 29 

ABSTRACT: The Sixth LSSA PIM was held Hay 9 and 5, 1977, 

on the campus of the California Institute of Technology. 
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Invitation controlled attendance Included Project partici- 
pant* form JPL and all LSSA Contractor*, together with 
repreaentative* of the ERDA Program Office and many agen- 
cies participating in the Program, a* well as the new 
Director of the Solar Energy Research Institute and special 
invitee*. The general objectives of the PIN were to inte- 
grate the LSSA Project technical plans and activities, with 
specific emphasis on a review of ingot technology relative 
to meeting Project goals of $2/W (1982) and $0.55/W (1986); 
to discuss and strengthen the technical interfaces within 
the LSSA Project tasks and between the LSSA Project and 
other ERDA Photovoltaic Program elements; to exchange tech- 
nical data, and to provide an overview of LSSA Project 
technical plan* and status. A special review of ingot 
technology in the light of interim cost goals was conducted 
at this meeting, as well as the normal task-level reviews, 
intertask sessions, and general discussions. 


TITLE: Quarterly Report 5, April to June 197? 

CORPORATE AUTH : Jet Propulsion Laboratory 

DATE: 1977 

REPORT NO: DOE-JPL 1012-77/4, JPL Pub. 78-9, 5101-46 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: The activities of the LSSA Project during the 

period April through June 1977, are described, The LSSA 
Project is assigned responsibility for advancing Si solar 
array technology while encouraging industry to reduce the 
price of arrays to a level at which PV electric power *ys 
terns will be competitive with more conventional power sys- 
tems early in the next decade. Set forth here are the 
goals and plans with which the project intends to accomp 
lish this, and the progress that was made during the 
quarter. The project objective is to develop the national 
capability to produce low cost, long life PV arrays at a 
rate greater than 500 megawatts per year and a price of 
less than $500 (in 1975 dollars)/kW peak by 1986. The 
array performance goals Include an efficiency greater than 
10% and an operating lifetime in excess of 20 years. The 
LSSA Project contractors and their technology areas are 
tabulated and discussed. 


TITLE: Quarterly Report 6, July to September 1977 

CORPORATE AUTHOR: Jet Propulsion Laboratory 

DATE: 1977 

REPORT NO: DOE JPL 1012 78/2, JPL Pub. 78 83, 5101-55 

AVAILABILITY: DEP . NTIS, PC A07/HF A01 

ABSTRACT: The activities of the LSSA Project during the 

period July through September 1977 are described. The 
LSSA Project is assigned responsibility for advancing Si 
solar array technology while encouraging Industry to reduce 
the price of arrays to a level at which PV electric power 
systems will be competitive with more conventional power 
sources early In the next decade. Set forth there are the 
goals and plans with which the Project intends to accomp 
lish this, and the progress that was made during the 
quarter. The Project objective is to develop the national 
capability to produce low cost, longlife PV arrays at a 
rate greater than 500 megawatts/yr at a price of less than 
$500/kW peak by 1986. The array performance goals Include 
an efficiency greater than 10% and an operating lifetime 
in excess of 20 yr. 


TITLE: Proceedings of the 7th PTM 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 10-11, 1977 

REPORT NO: 5101-3/ 

ABSTRACT: The Seventh LSSA PIN was held August 10 and 11, 

1977, at Caltech. Invitation-controlled attendance 
included Project participants from JPL and all LSSA 
contractors, together with representatives of the ERDA 
Solar Program Office and many other agencies participating 
In the Program. The objectives of this PIN were to review 
recent technical advances in light of the 1982 and 1986 
goals; to orient the participants in this somewhat new 


state of the art in order to maintain direction toward the 
requirements of the 1982 and 1986 goals; to discuss and 
strengthen technical interfaces within and among LSSA 
Project elements and between the LSSA Project and other 
ERDA Photovoltaic Program elements, and to exchange 
technical data and to invite challenges to this data that 
may only effectively occur during face-to-face meetings. 

A special review of progress relative to the 1982 goal of 
$2/W was conducted at this meeting, as well as task level 
reviews, inter-task sessions, and general discussions. 


TITLE: Quarterly Report 7, October to December 1977 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1977 

REPORT NO: DOE-JPL 1012-78/13, JPL Pub. 78-97, 5101-81 

AVAILABILITY: NTIS, PC A05/HF A01 

ABSTRACT: This report describes the activities of the LSSA 

Project during the period October through December 1977. 

The LSSA Project Is assigned responsibility for advancing 
Si solar array technology while encouraging industry to 
reduce the price of arrays to a level at which PV electric 
power systems will be competitive with more conventional 
power sources early in the next decade. Set forth here 
are the goals end plans with which the Project intends to 
accomplish national capability to produce low-cost, 
long-life PV arrays at a rate greater than 500 megawatts/yr 
and a price of less than $500/kW peak by 1986. The array 
performance goals include an efficiency greater than 10% 
and an operating lifetime in excess of 20 yr . 


TITLE: Proceedings of the 8th PIN 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 7-8, 1977 

REPORT NO: 5101-52 

ABSTRACTS The 8th LSA PIN was held December 7 and 8, 1977, 
at Caltech. Invitation controlled attendance included Pro 
ject participants from JPL and all LSA contractors, togeth 
er with representatives of the DOE Division of Solar Tech- 
nology and other agencies participating in the Program. 

The following highlights were noted at this PIN: (1) Tech 
nology developments required for the production of $2/w 
modules, (2) Si sheet progress, (3) SAN1CS, (4) Field 
performance of Block I and II modules, (5) Environmental 
tests for uncovering potential failures modes for modules 
installed in the field, and (6) Elimination or control of 
the photon - i nduced instability phenomenon. 


TITLE: Proceedings of the 9th PTM 

CORPORATE AUTHOR: Jet Propulsion Laboratory 

DATE: 1978 

REPORT NO: 5101-67 

AVAILABILITY: NTIS, PC A21/MF A01 

ABSTRACT: Invitation-controlled attendance at the meeting 

included Project participants from JPL and LSA Project 
contractors, together with representatives of the DOE 
Division of Solar Technology and other agencies partlcipat 
ing in the PV program. The status of the JPL LSSA Project 
is described in detail. The report includes the following 
sections: <1) Project Analysis and Integration, (2) Tech- 

nology Development Area (Si Material Task, Large Area Si 
Sheet Task, and Encapsulation Task), (3) Production Process 
and Equipment Area, (4) Engineering Area, and (5) Opera 
tlons Area. 


TITLE: Quarterly Report 8, January to March 1978 

DATE: 1978 

CORPORATE AUTH: Jet Propulsion Laboratory 

REPORT NO: DOE-JPL 1012-2, JPL Pub. 79-14, 5101-88 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: Thia report describes progress made by the LSSA 

Project during the period January through March 1978. It 
includes task reports on Si material processing, large area 
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Si sheet development, encapsulation materials testing and 
development, Project engineering and operations, and manu- 
facturing techniques, plus the steps taken to Integrate 
these efforts. 


TITLE: Quarterly Report 9, April to June 1978 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1978 

REPORT NO: DOE-JPL 1012-3, JPL Pub. 79 15, 5101-99 

AVAILABILITY : NT1S, PC 04/MF A01 

ABSTRACT: Progress made by the LSSA Project during the 

period April through June 1978 is described. It includes 
reports on Si material processing, large-area Si sheet 
development, encapsulation materials testing and develop- 
ment, project engineering and operations activities, and 
manufacturing techniques, plus the steps taken to integrate 
these efforts. 


TITLE: Proceedings of the 10th PIH 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: Augu 8 1 16-17, 1978 

REPORT NO: 5101-86 

ABSTRACTS: The 10th PIN was held August 16 and 17, 1978, 

at Caltech. Invitation-controlled attendance Included Pro- 
ject participants from JPL and LSA Project contractors, to- 
gether with representatives of the DOE Division of Solar 
Technology and other agencies participating in the PV Pro- 
gram. A Metallization Workshop was held on Tuesday, 

August 15. Presentations were made on recent work in 
established technologies such as plated and thick film 
techniques and on novel methods. 


TITLE: Quarterly Report 10, July to September 1978 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1978 

REPORT NO: DOE- JPL 1012* , JPL Pub. 79-16, 5101-100 

AVAILABILITY: NTIS, HC A04/MF A01 

ABSTRACT: This report describes progress made by the LSSA 

Project during the period July through September 1978. It 
Includes reports on Si material processing, large area Si 
sheet development, encapsulation materials testing and 
development, Project engineering and operations activities, 
and manufacturing techniques, plus the steps taken to 
integrate these efforts. 

TITLE: Quarterly Report 11, October to December 1978 and 

Proceedings of the 11th PIN 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1978 

REPORT NO: DOE JPL 1012-26, and 5101 109 

ABSTRACT: This report describes progress made by the LSA 

Project during the period October through December 1978. 

It includes task reports on Si material processing, large 
area Si sheet development, encapsulation materials testing 
and development. Project engineering and operations, and 
manufacturing techniques, plus the steps taken to Integrate 
these efforts. It also includes a report on and copies of 
viewgraphs presented at the PIN held December 13-14, 1978. 


TITLE: Project Development Plan 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 1, 1979 

REPORT NO: 5101-17, Rev. A 

ABSTRACT: The scope of this document includes a 

discussion of currently planned LSA Project activities 
covering the period October 1, 1977 through September 30, 
1986. Technical management information is emphasized. 


TITLE: Progress Report 12, January to April 1979, and 

Proceedings of the 12th PIM 
CORPORATE AUTHOR: Jet Propulsion Laboratory 

DATE: 1979 

REPORT NO: DOE JPL 1012 27, and 5101-112 

AVAILABILITY: NTIS, PC AI5/HF A01 

ABSTRACT: This report describes progress made by the LSA 

Project during the period January through April 1979. It 
includes reports on Project Analysis and Integration; 
Technology Development in Si Material, Large Area Sheet 
Si, and Encapsulation; Production Process and Equipment 
Development; Engineering and Operations, and a discussion 
of the steps taken to integrate these efforts. It include 
a report on, and copies of viewgraphs presented at the PIM 
held April 4-5, 1979. 


TITLE: Progress Report 13, April thru August 1979, and 

Proceedings of the 13th PIM 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1979 

REPORT NO: DOE JPL 1012-29, JPL Pub. 79 88, 5101-133 

AVAILABILITY: NTIS, PC A20/MF A01 

ABSTRACT: This report describes progress made by the LSA 

Project during the period April through August 1979. It 
includes reports on project analysis and integration; 
technology development in Si material, large area sheet 
Si, and encapsulation; production process and equipment 
development; engineering and operations, and a discussion 
of the steps taken to Integrate these efforts. It include 
a report on, and copies of viewgraphs presented at, the 
PIM held August 7? 23, 1979. 


TITLE: Low Cost Solar Array Project (LSA) Resources 

Management Manual, Revision 3 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 15, 1979 

REPORT NO: 5101-63 

ABSTRACT: This document covers the Project general 

administrative practices and procedures, an overview of 
the system for resources management, Project planning 
reporting and control applications. 


TITLE: Progress Report 14, August to December 1979, and 

Proceedings of the 14th PIM 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1979 

REPORT NO: DOE JPL 1012-42, JPL Pub. 80-21, 5101 14? 

AVAILABILITY: NTIS, PC A23/MF A01 

ABSTRACT: This report describes progress made by the LSA 

Project during the period August through November, 1979. 

It includes reports on project analysis and integration; 
technology development in Si material, large area sheet 
Si, and encapsulation; production process and equipment 
development; engineering, and operations, and a discussion 
of the steps taken to integrate these efforts. It include 
a report on, and copies of the visual materials presented 
at, the PIM held December 5-6, 1979. 


TITLE: Progress Report 15, December 1979 to April 1980, 

and Proceedings of the 15th PIM 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1979 

REPORT NO: DOE JPL 1012 44, JPL Pub. 80-27, 5101-151 

AVAILABILITY: NTIS, PC A17/HF A01 

ABSTRACT: This report describes progress made by the LSA 

Project during the period December 1979 to April 1980. It 
includes reports on project analysis and integration; tech 
nology development in Si material, large-area Si sheet and 
encapsulation; production process and equipment develop- 
ment; engineering, and operations. It includes a report 
on, and copies of visual presentations made at, the PIM 
held April ? and 3, 1980. 
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TITLE: Progress Report 16, April to September 1980, and 

Proceedings of the 16th PTH 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1980 

REPORT NO: DOE-JPL 1012-51, JPL Pub. 80 100, 5101 160 

AVAILABILITY: NTIS, PC A21/HF A01 

ABSTRACT: This report describes progress made by the LSA 

Project during the period April to September 1980. It in- 
cludes reports on project analysis and Integration; tech 
nology development in Si material, large area Si sheet and 
encapsulation; production process and equipment develop 
went; engineering, and operations. Tt includes a report 
on, and copies of visual presentations made at, the PIM 
held September 24 and 25, 1980. 


TITLE: Progress Report 17, September 1980 to February 

1981, and Proceedings of the 17th PIM 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1981 

REPORT NO: DOE-JPL 1012 54, JPL Pub. 81 35, 5101-172 

AVAILABILITY: NTIS, PC A22/MF A01 

ABSTRACT: This report describes progress made by the LSA 

Project during the period September 1980 to February 1981. 
It includes reports on project analysis and integration; 
technology development in Si material, large area Si sheet 
and encapsulation; production process and equipment 
development; engineering, and operations. It includes a 
report on, and copies of visual presentations made at, the 
PIH held at Pasadena, Calif, on February 4 and 5, 1981. 


TITLE: Progress Report 18, February to July 1981, and 

Proceedings of the 18th PIH 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1981 

REPORT NO: DOE- JPL 1012 58. JPL Pub. 81-94, 5101-186 

AVAILABILITY: NTIS, PC A25/MF A01 

ABSTRACT: This report describes progress made by the LSA 

Project during the period February to July 1981. It 
Includes reports on project analysis and integration; 
technology development in Si material, large area Si sheet 
and encapsulation; process development; engineering, and 
operations. It includes a report on, and copies of visual 
presentations made at, the PIH held at Pasadena, 
California, on July 15 and 16, 1981. 


TITLE: Electricity from PV Solar Cells LSA Project. 

Displayed at the 15th IEEE Photovoltaic 
Specialists Conference, May 1981 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: July 1981 

REPORT NO: 5101-178C 

ABSTRACT: This Is a copy of all display material. 


TITLE: Progress Report 19, July to November 1981, and 

Proceedings of the 19th PIM 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1981 

REPORT NO: DOE-JPL 1011-67, JPL Pub. 82-11, 5101-194 

AVAILABILITY: NTIS, PC A17/MF A01 

ABSTRACT: This report described progress made by the FS A 

Project (formerly the Low-Cost Solar Array Project) during 
the period July 10 November 1981. It includes reports on 
project analysis and integration; technology research in 
Si material, large area Si sheet and environmental isola- 
tion; cell and module formation; engineering sciences, and 
module performance and failure analysts. It includes a re 
port on, and copies of visual presentations made at, the 
19th PIM held at Pasadena, California, on November 11, 

1981. This PIH was a one day meeting consisting primarily 
of parallel technology sessions. Two limited attendance 
workshops were conducted on the day before the PIH: one 


on Si materials and crystal-growth technology, and one on 
solar-cell and module technology. A two-day short course 
on SAHICS was held following the PIM. 


TITLE: Progress Report 20, November 1981 to April 1982, 

and Proceedings of the 20th PIH 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1982 

REPORT NO: DOE-JPL 1012-71, JPL Pub. 82-48, 5101-209 

ABSTRACT: Thia report describes progress made by the FSA 

Project during the period November 1981 to April 1982. It 
includes reports on project analysis and integration; tech- 
nology research in Si material, large area Si sheet and en 
vi ronmenta 1 isolation; cell and module formation; engineer 
ing sciences, and module performance and failure analysis 
It includes a report on, and copies of visual presentations 
made at, the 20th PIM held at Pasadena, California, on 
April 21 and 22, 1982. This report also contains the pre 
sentat ions made by various speakers during the plenary 
session. 


TITLE: Summary of FSA Documentation Abstracts of Published 

Documents, 1975 to June 1982 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 15, 1982 

REPORT NO: DOE-JPL 1012-76, JPL Pub. 82 79, 5101 221 

AVAILABILITY: NTIS, PC A16/MF A01 

ABSTRACT: Provided are abstracts of final reports and 

latest quarterly reports of JPL and contracted efforts that 
have constituted JPL-FSA, formerly LSA. Included are ab 
stracts of Project Office reports, and of reports covering 
project analysts and integration, Si material, Si sheet 
(large area Si sheet) encapsulation (environmental tsola 
tion), production process and equipment (process research), 
engineering (engineering sciences), and operations (module 
performance and failure analysis). 


TITLE: Progress Report 21, April 1982 to January 1983, 

and Proceedings of the 21st PIH 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1983 

REPORT NO: DOE JPL 1012-88, JPL Pub. 83-48, 5101-222 

AVAILABILITY: NTIS, PC A22/HF A01; 1 

ABSTRACT: This report describes progress made by FSA 

during the period April 1982 to January 1983. it Includes 
reports on polysllicon refining, thln-fllm solar-cell and 
module technology development, central- stat i on electric 
utility activities. Si sheet growth and characteristics, 
advanced PV materials, cell and processes research, module 
technology, environmental isolation, engineering sciences, 
module performance and failure analysis, and project anal 
ysls and integration. It includes proceedings of, and 
copies of visual presentations made at, the 21st PIH held 
at Pasadena, California, on January 12 and 13, 1983. 


TITLE: Progress Report 22, January to September 1983, and 

Proceedings of the 22nd PIM 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 1983 

REPORT NO: DOE-JPL 1012-94, JPL Pub. 84 2 , 5101 242 

AVAILABILITY: NTIS, PC A99/MF A01 ; 1 

ABSTRACT: This report describes progress made by FSA 

during the period January to September 1983. It includes 
reports on Si-sheet growth and characterization, module 
technology. Si material, cell processing and high 
efficiency cells, environmental Isolation, engineering 
sciences, module performance and failure analysis and 
project analysis and integration. It includes a report 
on, and copies of visual presentations made at, the ?2nd 
PIM held at Pasadena, California, on September 28 and 29 
1983. 
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TITLE: Progress Report 23, September 1983 to March 1984, 

and Proceeding* of the 23rd PIH 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 1984 

REPORT NO: DOE-JPL 1012 99, JPL Pub. 84-47, 5101-250 

AVAILABILITY: NTIS, PC A22/HF A01; 1 

ABSTRACT: Thl* report describes progress made by FSA dur- 

ing the period September 1983 to March 1984. It includes 
reporta on Si sheet growth and characterization, module 
technology. Si material, cell processing and high- 
efficiency cells, environmental isolation, engineering 
sciences, module reliability and project analysis and 
integration. It includes a report on, and copies of visual 
presentations made at, the 23rd PIM held at Pasadena, 
California, on March 14 and 15, 1984. 


TITLE: Progress Report 24, March to October 1984, and 

Proceedings of the 24th PIM 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1984 

REPORT NO: DOE-JPL 1012-104, JPL Pub. 85-27, 5101 259 

AVAILABILITY: NTIS, PC A99/MF A01; 1 

ABSTRACT: This report describes progress made by FSA 

during the period of March 1984 to October 1984. It 
includes reports on Si sheet growth and characterization, 
Si material, process development, h igh ef f iciency cells, 
environmental isolation, engineering sciences, and relia 
bllity physics. It includes a report on, and copies of 
visual presentations made at, the 24th PTH held at 
Pasadena, California, on October 2 and 3, 1984. 


TITLE: Progress Report 25, October 1984 to June 1985, and 

Proceedings of the 25* h PIM 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1985 

REPORT NO: DOE-JPL 1012-119, JPL Pub 86 4 , 5101 271 

ABSTRACT: This report describes progress made by FSA 

during the period October 1984 to June 1985 It Includes 
reports on Si sheet growth and characterization. Si 
material, process development, high efficiency cells, 
environmental isolation, engineering sciences, and relia 
bllity physics. It includes a report on, and copies of 
visual presentations made at, the 25th PIM held at 
Pasadena, California, on June 19 and 20, 1985. 


TITLE: Progress Report 26, July 1985 to April 1986, and 

Proceedings of the ?6th PIM 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 1986 

REPORT NO: DOE JPL 1012-124, JPL Pub. 86-23, 5101-286 

ABSTRACT: This report describes progress made by FSA 

during the period July 1985 to April 1986. It includes 
reports on Si sheet growth and characterization, Si mater 
ial, process development, high efficiency cells, environ- 
mental isolation, engineering sciences, and reliability 
physics. It also includes technical and plenary presents 
tions made at the 26th Project Integration Meeting held at 
Pasadena, California, on April 29, 30, and May 1, 1986. 

This 26th and final Project Integration Meeting was divided 
into three specific areas: (l) April 29 consisted of an 

overview of the progress and the significance of the re 
suits of 11 years of progress to the PV manufacturers, 
users, and community; (2) April 30 provided detailed sum 
marles of the progress of Ihe FSA contractors snd in house 
work since the 25th PTM ; and (3) May 1 offered an opportun 
ity for industry and users to explain iheir continuing par 
tlcipation in the manufacture and use of crystalline Si PV . 
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SILICON MATERIALS IN-HOUSE ABSTRACTS 


TITLE: Research Prtorltlei for PV Si Technology 

AUTHOR: K.M. Koltwad, G.D. Cummlng, and T.C. Digges, Jr. 

CORPORATE AUTH : Jet Propulsion Laboratory 

DATE: 1976 

REPORT NO: DOE-JPL 0165? 

AVAILABILITY: NTIS-01652 

ABSTRACT: It la the intent of this paper to define the 

necessary areas of research and assign appropriate 
priorities in PV Si technology. The problems discussed 
include watering for the Ingot yielding processes such as 
Cz , float zone and casting; die interaction and/or seeding 
for the ribbon processes like EFG , Stepanov and web den 
dritic; substra te/nuc leat ion problems for the thick film 
techniques such as CVD and dip coating; and high tempera- 
ture mechanical properties for hot forming processes. 
Conclusions of the analysis Indicate the need for funda 
mental research in the areas of nucleation, crystallize 
tion, solidif icatlons , heat flow dynamics, high tempera 
ture mechanical properties and Si-contact material inter 
actions . 


TITLE: Modeling of Fluidized Bed Si Deposition Process 

AUTHOR: K. Kim, G. Hsu, R. Lutwack, and A. Praturi 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1977 

REPORT NO: JPL Pub. 77-25, and 5101-50 

ABSTRACT: Modeling of the fluidized bed for Si deposition 

is described. The model is intended for use as a means of 
improving FBR design and for the formulation of the 
research program in support of the contracts of the Si 
Material Task for the development of the fluidized bed Si 
deposition process. A computer program derived from the 
simple modeling is also described. Results of some sample 
calculations using the computer program are shown. 


TITLE: CVD of Si from Silane Pyrolysis 

AUTHOR: A. 1C. Praturi, R. Lutwack, and G. Hsu 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: July 1977 

REPORT NO: JPL Pub. 77-38 

ABSTRACT: The four basic elements in the CVD of Si from 

silane are mass transport of silane, pyrolysis of silane, 
nucleation of Si and Si crystal growth. These four 
elements are analytically treated from a kinetic stand 
point. Rate expressions that describe the various con 
ceivable steps involved In the CVD of Si are derived from 
elementary principles. Applications of the rate expres 
sions for (1) modeling and the simulation of the Si CVD 
process and (2> the analysis of experimental data on Si 
CVD are discussed. The lack of an experimentally estab 
liahed mechanism of the Si CVD process and established 
values for various constants involved in the rate expres 
sions is the major impediment to the modeling of the CVD 
process. Experimental data are needed to determine the 
equilibrium adsorption coefficients for silane, hydrogen 
and Si vapor and the activation energies and frequency 
factors for the various rate processes involved in the Si 
CVD. 


TITLE: Si Formation by Pyrolysis of Silane. Interim 

Report of the Continuous Flow Pyrolyzer Study 
AUTHOR: H. Levin 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1976 

REPORT NO: 5101 87 

ABSTRACT: A study of the formation end growth of Si was 
conducted in which silane was converted to Si in a con- 
tinuous flow pyrolyzer. The study employed a set of four 
experiments, faetorially designed for a high and low level 


of gas-stream temperature and for the presence and absence 
of Si seed particles In the gas stream. The study was 
undertaken to support and complement those Project programs 
which utilize pyrolyai* technology in the production of 
Si. In moat of these programs, the form and size of the 
Si are Important elements in the success of the program. 


TITLE: In-House Study Fluid 1 zed- Bed Silane Pyrolysis 

AUTHOR: R. Hogle, G. Hsu, and R. Lutwack 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 1978 

REPORT NO: 5101-89 

ABSTRACT: As part of the Task I in-house support effort, 

low-cost Si production by silane pyrolysis is being 
studied using a 2-in. inside diameter FBR. The reactor as 
well as a quartz fluidization column were constructed and 
instrumented with electronic pressure transducers, and a 
computer data acquisition system to study general Si 
fluidization along with the silane chemistry. 


TITLE: Modeling of Si Particle Growth. A Progress Report 

AUTHOR: A . K . Praturi, G.C. Hsu, and R. Lutwack 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 1979 

REPORT NO: DOE-JPL 1012-20, and 5101-105 

AVAILABILITY: NTIS , PC A03/MF A02 

ABSTRACT: Efforts at JPL toward the production of pure 

polycrystalline Si are centered on the concept of Si part 
icle growth In a FBR and a CFP . The CFP poasibly can 
provide the seed particles which will be grown to longer 
sizes in the FBR. In both the reactors po lycrystal 1 i ne Si 
is obtained from the pyrolysis of silane. A part of the 
JPL effort is to develop a model of Si particle growth for 
the purpose of predicting particle growth rates and product 
particle size distributions in the FBR and the CFP. This 
report describes the mathematical models of Si particle 
growth in the FBR and the CFP. 


TITLE: On the Modeling of Silane Pyrolysis in a 

Continuous Flow Reactor 
AUTHOR: A.K. Praturi, G.C. Hsu, and R. Jain 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 1979 

REPORT NO: DOE-JPL 1012-21, and 5101 106 

AVAILABILITY: NTIS, PC A03/HF A01 

ABSTRACT: Silane pyrolysis in a CFP is a simple process 

that is currently being developed for producing solar cell 
grade Si. The process involves complex phenomena, however 
including thermal decomposition of silane, nucleation and 
growth of Si particles, and mass and heat transfer. Model 
ing the effects of transport phenomena on silane pyrolysis 
in a CFP is discussed in this report. One and two dimen 
sional models are developed to predict velocity, tempera 
ture, and concentration profiles in the reactor. The one 
dimensional model has been implemented as a computer code. 

TITLE: Purification of Si by the Si Fluoride Transport 

Process: A Thermochemical Study 
AUTHOR: R . A. Rhein 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 1979 

REPORT NO: DOE-JPL 1012-18, and 5101-107 

AVAILABILITY: NTIS, PC A03/MF AOI 

ABSTRACT: A computer- ass l sted thermochemical equilibrium 

analysis was conducted for the Si transport reaction: 

Si(s) + SiF 4 (g) = (intermediates) ^ Si(s) 4 SiF 4 (g>. The 
calculations indicated that a substantial transport rate 
should be possible at temperatures of 1700 K and one 
atmosphere pressure. Computations were made to determine 
whether the elemental impurities present in metallurgical 
grade Si would transfer in this process. It was concluded 
that aluminum, chromium, copper, iron, manganese, molyb- 




denura, nickel, vanadium, and zirconium would not transfer, 
but that boron, magnesium, phosphorus, and titanium would 
transfer . 

TITLE: Si Preparation and Purity from the Reaction of 

Sodium with Si Tetraf luor ide and Si Tetrachloride 
AUTHOR: R. A. Rhein 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 1979 

REPORT NO: DOE JPL 1012 19, and 5101 108 

AVAILABILITY: NTIS. PC A03/HF A01 

ABSTRACT: Thermochemical equilibrium computations for the 

preparation of Si by the reaction between sodium, either 
liquid or vapor, with Si tetraf luorlde and Si tetrachlor 
ide are presented. The reactions of a number of impurity 
elements in Na, during the course of the Na Si halide 
reaction, have been described. 

TITLE: The Effects of Impurities on the Performance of Si 

Solar Celia 

AUTHOR: K.A. Yamakawa 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 1981 

REPORT NO: DOE-JPL 1012-57, and 5101-189 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: The major factors that determine the tolerable 

concentrations of impurities in Si feedstock for solar 
cells used in power generation are discussed in this 
report . 

TITLE: Proceedings of the FSA Workshop on the Science of 

Si Material Preparation (August 23, 24, and 25, 
1982, The Pointe, Phoenix, Arizona) 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1, 1983 

REPORT NO: DOE- JPL 1012-81, JPL Pub. 83 13, 5101-228 

AVAILABILITY: NTIS, PC A14/HF A01 

ABSTRACT: The Science of Si Material Preparation Workshop 

was held August 23-25, 1982 at The Pointe, Phoenix, 
Arizona. It was sponsored by JPL-FSA. There were six 
sessions: Si Production and Purity; Thermodynamics, 

Kinetics, and Mechanisms; Particle Formation and Growth; 
Deposition in FBRs ; CVD; and Alternative Polyallicon 
Processes. Twenty- two invited papers were presented. 
Discussion periods followed the papers and the sessions. 
These Proceedings are a record of the papers and the 
discussions . 


TITLE: Si Production in a Fluidized Bed Reactor: A 

Parameter Study 

AUTHOR: N. Rohatgl and G. Hsu 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1983 

REPORT NO: JPL D-1283, 5101-248 

ABSTRACT: This report covers one phase of experimental 

study sponsored by the DOE, that was carried out by JPL. 
One of the objectives of FSA is to establish the technol- 
ogy for a low-cost process for producing semiconductor Si 
to meet the needs for terrestrial PV applications. The 
starting material for this process is silane gas produced 
by the Union Carbide Corp. under another FSA development 
program. The process for converting metallurgical-grade 
Si to silane is being demonstrated at the pilot-plant 
scale by the Union Carbide Corp. at Washougal, Washington. 
The low-cost means of converting silane to semiconductor 
grade Si In a FBR is being investigated by JPL and by the 
Union Carbide Corp. under a contract with JPL. The over- 
all goal of the program is to produce Si at $16-20/kg 
( 1982 dollars ) . 


TITLE: A Review of the Si Material Task 

AUTHOR: R. Lutwack 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1, 1984 

REPORT NO: DOE JPL 1012-96, JPL Pub. 84-24, 5101-244 

AVAILABILITY: NTIS, PC A03/HF A01 

ABSTRACT: The Si Material Task of FSA was assigned the 

objective of developing the technology for low-cost pro- 
cesses for producing polysilicon suitable for terrestrial 
solar-cell applications. The Task program comprised sec- 
tions for process developments for semiconductor grade and 
solar-cell- grade products. To provide information for 
deciding upon process designs, extensive investigations of 
the effects of impurities on material properties and the 
performance of cells were conducted. The silane process 
of the Union Carbide Corp. was carried through several 
stages of technical and engineering development. A pilot 
plant was the culmination of this effort. The work to 
establish silane fluidized bed technology for a low cost 
process is continuing. The advantages of the use of 
d ichloros i lane in a Siemens-type process were shown by 
Hemlock Semiconductor Corp. The development of other 
processes is described. 

TITLE: An Analysis of the Feasibility of Producing Si for 

Solar Cells by a Dichloros i lane/Flu idized Bed 
Reactor Process 
AUTHOR: A. Briglio, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: May 1984 

REPORT NO: DOE-JPL 1012-101, JPL Pub. 84-55, 5101-256 

AVAILABILITY: NTIS, PC A02/MF A01 

ABSTRACT: An analysis was conducted to evaluate a novel 

Si production process based on conversion of dichloro- 
sllane to Si in FBRs. Such a process seemed attractive 
from an economic point of view. The study is part of the 
effort being supported by FSA for new processes for making 
low-cost, high purity Si for terrestrial solar cells. It 
was concluded that the thermodynamics and kinetics should 
be sufficiently favorable: to allow reasonably high values 
of conversion efficiency of di chloros 1 lane to Si, to 
attain a satisfactory Si deposition rate, and to achieve 
a suitably high product purity. The Si price is expected 
to be somewhat higher than that for Si produced by the 
FBRbased Si via silane process being developed by the 
Union Carbide Corp. and JPL. Process success ultimately 
will depend upon finding FBR materials of construction 
that will withstand the severe corrosive and abrasive 
environment that is expected to be present. 


TITLE: Proceedings of the FSA Workshop on Low Cost Poly 

silicon for Terrestrial PV Solar-Cell Applications 
(October 28 30, 1985, at Las Vegas, Nevada) 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February, 1986 

REPORT NO: DOE-JPL 1012-122, JPL Pub. 86-11, 5101-287 

ABSTRACT: The Workshop on Low Cost Polysillcon for Terres 

trial PV Solar cell Applications was held October 28, 29, 
and 30, 1985, at the Sahara Hotel, Las Vegas, Nevada. It 
was sponsored by JPL-FSA. The sessions were: Polysllicon 

Material Requirements; Economics; Process Developments In 
the USA; Process Developments, International; and Polysili- 
con Market and Forecasts. There were two forums dealing 
with polysilicon process technology and polysilicon mar- 
kets. Twenty one invited papers were presented and dis 
cussion periods followed the papers. This report contains 
a record of the papers, the forums, and the discussions. 

TITLE: Si Production in a FBR. Final Report 

AUTHOR: N Rohatgi 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 1986 

REPORT NO: DOE JPL 1012-123, JPL Pub 86-17, 5101 296 
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ABSTRACT: Part of the development effort of the JPL In 

house technology Involved in FSA was the Investigation of 
a low-cost process to produce semiconductor-grade Si for 
terrestrial PV cell applications. The process selected 
was based on pyrolysis of silane in a FBR . Following 
initial investigations involving 1 and ? In. dia 
reactors, a 6-in. dia, eng i neeri ng- scale FBR was con- 
structed to establish reactor performance, mechanism of Si 
deposition, product morphology, and product purity. The 
overall mass balance for all experiments Indicates that 
more than 90% of the total Si fed into the reactor is 
deposited on Si seed particles and the remaining 10% 
becomes elutriated fines. Si production rates were 
demonstrated of 1.5 kg/h at 30% silane concentration and 
3.5 kg/h at 80% silane concentration. The mechanism of Si 
deposition is described by a six path process: hetero 

geneous deposition, homogeneous decomposition, coalescence 
coagulation, scavenging, and heterogeneous growth on fines 
The bulk of the grown Si layer appears to be made up of 
small diameter particles. This product morphology lends 
support to the concept of the scavenging of homogeneously 
nucleated Si. Excellent purity of the Si product was 
obtained from an FBR equipped with a quartz linear. The 
product Si had metallic contaminants less than the 
detection limits of spark source mass spectroscopy (eg., 
Fe < 0.6 ppma, Cr < 0.0? ppma , Zn < 0.04 ppma , 

Co < 0.1 ppma). Solar cells fabricated from this pure 
Si product showed encouraging results and the data are 
described in this report. 
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SILICON MATERIAL CONTRACTOR ABSTRACTS 


TITLE: Final Report. Si Materiel Task. Part 3 

AUTHOR: R. A. Roques and D.M . Coldvell 

CORPORATE AUTH: Texas Instruments, Inc. 

DATE: January 1977 

REPORT NO: ERDA-JPL 954412-77/1 

AVAILABILITY: NTIS. PC A05/MF A01 

ABSTRACT: The feasibility of a process for carbon reduc- 

tion of low impurity silica In a plasma heat source was 
Investigated to produce low-cost solar-grade Si. Theore- 
tical aspects of the reaction chemistry were studied with 
the aid of a computer program using iterative free energy 
minimization. The computer simulation technique of molec- 
ular dynamics was used to study the quenching of product 
species. 


TITLE: Final Technical Report. Determination of a 

Definition of Solar Grade Si 
AUTHOR: H.V. Gutsche and D.E. Hill 

CORPORATE AUTH: Monsanto Research Corp. 

DATE: September 9, 1977 

REPORT NO: ERDA-JPL 954338 77/1 

ABSTRACT: This final report gives the effects of the im- 

purities Al, C, Cr, Cu, Pe, Mg, Mn, Na , Nl , O, Tl , V, and 
Zr on the performance of Si solar cells. A series of ex- 
perimental Si crystals were prepared containing controlled 
amounts of these Impurities in otherwise SG Si single crys 
tals. Using these crystals, solar cells were prepared and 
the solar energy conversion efficiencies of these devices 
were measured against a standard cell provided by JPL. 


TITLE: Final Report. Lifetime and Dlffuaion Length 

Measurements on Si Materials and Solar Cells 
AUTHOR: S. Othmer and S.C. Chen 

CORPORATE AUTH: Northrop Corp. 

DATE: November 1977 

REPORT NO: ERDA-JPL 954614 77/1 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: Experimental methods were evaluated for the 

determination of lifetime and diffusion length in Si 
intentionally doped with potentially lifetime degrading 
impurities found in metallurgical grade Si, Impurities 
which may be residual in low-cost Si Intended for use in 
terrestrial flat-plate arrays. Results obtained by these 
methods were compared for mutual consistency. Lifetime 
measurements were made using a steady state phntoconduc 
tlvity method, which was compared with a photoconductivity 
decay technique. Diffusion length determinations were 
made using short-circuit current measurements under pene 
tratlng illumination. This method wsb compared with a 
direct measurement of diffusion length using a scanning 
electron microscope. 


TITLE: Final Report. Analysis of Effects of Impurities 

Intentionally Incorporated into Si 
AUTHOR: F.M. Uno 

CORPORATE AUTH: Spectrolab, Inc. 

DATE: December 1977 

REPORT NO: DOB-JPL 954694 77/4 

AVAILABILITY: NTIS, PC A02/MF A01 

ABSTRACT: A methodology has been developed and imple 

mented to allow Si samples containing intentionally 
Incorporated impurities to be fabricated into finished 
solar cells under carefully controlled conditions. The 
electrical properties and spectral responses were then 
measured for each group processed. All 33 lots of group 
"C", 14 lots of Group "CM" and 16 lots of Group M F H have 
been fabricated into cells and tested. 
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TITLE: Final Report. October 9, 1975 to July 9, 1978. 

Evaluation of Selected Chemical Processes for 

Production of Low-Cost Si (Phases I and II) 

AUTHOR: J.M. Bloc her, Jr. and M.F. Browning 

CORPORATE AUTH: Battelle Memorial Institute, 

Columbus Laboratories 
DATE: July 9, 1978 

REPORT NO: DOE-JPL 954339-78/11 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: The zinc reduction of Si tetrachloride In a 

fluidized bed of seed particles to yield a granular pro- 
duct was studied along with several modifications of the 
thermal decomposition or hydrogen reduction of Si tetra- 
iodlde. Although all contenders were believed to be 
capable of meeting the quality requirements of the LSA 
Project, it was concluded that only the zinc reduction of 
the chloride could be made economically feasible at a cost 
below $10/kg Si (1975 dollars). Accordingly, subsequent 
effort was limited to evaluating that process. A mini- 
plant, consisting of a 5-cm-dia BFR and associated 
equipment was used to study the deposition parameters, 
temperature, reactant composition, seed particle size, bed 
depth, reactant throughput, and methods of reactant 
introduction. Other aspects of the process such as the 
condensation and fused-salt electrolysis of the ZNCL 2 
by-product for recycle of zinc and chlorine were studied 
to provide information required for design of a 50 MT/yr 
experimental facility, visualized as the next stage in the 
development. Projected Si costs of <7.35 and <8. 71/kg 
(1975 dollars ) for a 1000 MT/yr facility were obtained, 
depending upon the number and size of the fFBRs and 
ZNCLj electrolytic cells used. 


TITLE: Final Report. Synthesis of Silane and Si in a 

Non-Equilibrium Plasma Jet 
AUTHOR: H.F. Calcote 

CORPORATE AUTH: AeroChem Research Laboratories, Inc. 

DATE: October 1978 

REPORT NO: DOE-JPL 954560 78/8 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: The original objective of this program was to 

determine the feasibility of high volume, low-cost pro- 
duction of high purity silane or solar cell grade Si using 
a non-equilibrium plasma jet. The emphasis was changed 
near the end of the program to determine the feasibility 
of preparing PV a Si films directly using this method. 

The non equilibrium plasma jet is produced by partially 
dissociating hydrogen to hydrogen atoms In a 50 to 
100 Torr glow discharge and expanding the H/H ? mixture 
through a nozzle. A high flux density of hydrogen atoms 
is thus produced at concentrations of about 3 mol % with 
about 30* energy utilization efficiency. The jet is mixed 
with a second reactant and the reaction proceeds at a 
temperature of 400 to 600 K to produce products. Yields 
of SiH 4 , S l HCI 3 , or SiH 2 Cl 2 from SlCl 4 and SiHCl 3 were too 
low to be economically attractive. However, both amorphous 
and polycrystalline Si films which strongly adhered to 
Pyrex, Vycor, aluminum, or carbon were prepared with either 
SiCl 4 reactant were more difficult to prepare; they were 
prepared by carefully cleaning the aluminum substrate, 
diluting the SiH 4 with about 90% argon, and forming the 
glow discharge between the mixing nozzle and the aluminum 
substrate. Doping such films with P by adding PH 3 
reduced the electrical resistivity by two orders of 
magnitude. The non- equ i librium plasma jet should be 
further evaluated as a technique for producing high 
efficiency PV a-Sl films. 


TITLE: Interim Report. Closed- Cycle Process Development 

AUTHOR: R . A . Roques 

CORPORATE AUTH: Texas Instruments, Inc. 

DATE: December 1978 

REPORT NO: DOE JPL 955006-78/2 
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ABSTRACT: This program was Phase I of an effort to achieve 

production of low-coat solar-grade polysilicon from metal- 
lurgical-grade Slin a closed-cycle process. Impure Si 
would be converted to trlchloros I lane by reaction with 
by-product Si tetrachloride, and the trlchlorosllane 
thermally decomposed in a rotary drum reactor. The tech- 
nical restrictions to development of the program approach 
were based on minimizing new technology requirements by 
using existing technology to reduce the timing, risk, and 
coat of achieving production capability. The deficiencies 
in the established Siemens polysilicon process were identi- 
fied end ayatemat ically eliminated to achieve a simple, 
continuous, easily scalable, low-cost process. The process 
was begun with the design of the two major items of 
untested equipment, the Si tetrachloride by-product con- 
verter and the Rotary Drum Reactor for deposition of Si 
from trlchlorosllane. The design criteria of the Initial 
laboratory equipment Included consideration of the reaction 
chemistry, thermodynamics, and other technical factors. 
Design and construction of the laboratory equipment was 
completed. The closed-cycle process appears to have a 
very likely potential to achieve LSA goals. 


TITLE: Final Report. The Production of Solar Cell Grade 

Si from Bromosilanea 
AUTHOR: J. Schumacher 

CORPORATE AUTH: J.C. Schumacher Co. 

DATE: January 1979 

REPORT HO: DOE-JPL 954914-79/5 

ABSTRACT: Based upon a chemical engineering analysla of 

existing semiconductor grade polycryatall ine Si processes. 
Cost Element Objectives for (1) Capital Equipment, <2) Raw 
Materials, (3) Labor, and (4) Utilities were established 
to meet the LSA Project Si Materials Task cost objective 
of $10/kg for SCG Si. A CFR process based on the hydrogen 
reduction if the bromosllanes SlBr 4 and SlHBr 3 was pro- 
posed by the J. C. Schumacher Co. to meet theae cost 
element objectives. Initial experiments directed at 
obtaining overall yield data for bromosilane reduction in 
the CFR were carried out. Further experiments to complete 
process selection and preliminary process economic 
evaluation and design are suggested. 


TITLE: Final Report. Phases I and II. Feasibility of 

the Silane Process for Producing Semiconductor- 
Grade Si , October 1975 to March 1979 
CORPORATE AUTH: Union Carbide Corp. 

DATE: June 1979 

REPORT NO: DOE-JPL 954334 79/10 

ABSTRACT: The comnerclal production of low cost SG Si is 

an essential requirement of the LSA Project. A 1000-MT/yr 
commercial facility using the Union Carbide Silane Process 
will produce molten Si for an estimated price of $7. 56/kg 
<1975 dollars, private financing), meeting the DOE goal of 
less than $10/kg. Conclusions and technology status are 
reported for both contract phases, which had the following 
objectives: 1) establish the feasibility of UCC’s Silane 

Process for commercial application, and 2) Develop an inte- 
grated process design for an Experimental Process System 
Development Unit (EPSDU) and a commercial facility, and 
estimate the corresponding commercial plant economic per 
formance. To assemble the facility design, the following 
work was performed: (a) collection of Union Carbide’s 

applicable background technology; (b) design, assembly, 
and operation of a small integrated silane producing PDU; 
(c) analysis, testing, and comparison of two high tempera 
ture methods for converting pure silane to Si metal; and 
<d> determination of chemical reaction equilibria and 
kinetics, and vapor-llquld equilibria for chloros 1 1 anes 


TITLE: Final Report. Composition Measurements by 

Analytical Photon Catalysis 
AUTHOR: D.G. Sutton, et al . 

CORPORATE AUTH: The Aerospace Corp. 

DATE: September 1979 

REPORT NO: DOE-JPL 955201-79/4 

AVAILABILITY: NTIS, PC A03/MF A01 


ABSTRACT: The object of this research is to assess the 

applicability of the photon catalysis technique for effect- 
ing composition analysis of Si samples. In particular, 
our technique is to be evaluated as a detector for the 
impurities Al, Cr, Fe, Mn , Tr, V, Ho and Zr. During the 
first year we have detected Al , Cr, Fe, Mn, Ti and Si with 
the photon catalysis method. We have established the best 
fluorescence lines to monitor and determined initial sensi- 
tivities to each of these elements by atomic absorption 
calibration. In the course of these tests vapor pressure 
curves for these six pure substances have also been mapped. 
We have also studied the detection of these impurities In 
Si matrices. The evaporation process was shown to be con- 
gruent; thus, our spectral analysis of the vapor will yield 
the composition of the bulk sample. In addition to these 
mainline tasks, much ancillary information waa obtained. 

The emission signatures were determined for several addi- 
tional elements including As, Bi , B, Ca, Cu , Cr , Ga, Ge , 

Mg, Na, P and Pb Ionic emission lines for Ca and Mg were 
determined to be useful for analysis. Pulsed sample 
introduction was examined. 


TITLE: Final Report. Solar Si via the Dow Corning Process 

AUTHOR: L.P. Hunt and V.D. Dosaj 

CORPORATE AUTH: Dow Corning Corp. 

DATE: October 1979 

REPORT NO: DOE-JPL 954559 78/7 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: The process developed under this contract meets 

the LSA Project objective of demonstrating technical feasi- 
bility for hlgh-volume production of solar-cell-grade Si. 
The process consists of producing Si from pure raw mater- 
ials via the carbothermlc reduction of quartz. This Si 
was then purified to solar grade by impurity segregation 
during Cz crystal growth. Commercially available raw mat 
erlala were used to produce 100 kg quantities of Si during 
60-h periods in a Direct Arc Reactor. This Si had impurity 
concentrations of less than 10 ppmw each, except for Al 
and Fe (50-100 ppmw) . Purification of this material by Cz 
crystal growth gave Si of semiconductor purity, except for 
Al (1 ppma), B <7 ppma, 0.1 ohm-cm) , and P (0.5) ppma . 

This Si produced a single crystalline ingot, during a 
second Cz pull, that was fabricated into solar cells 
having AMI efficiencies ranging from 8 . 2% to greater than 
141 (AR-coated), An energy analysis of the entire process 
indicated a 5 month payback time. A price of $12.15 (1980 
dollars, with profit) was estimated for a 3000-MT/yr 
plant. Further process development Is recommended based 
upon technical success, estimated product cost, and 
commerc 1 al 1 y aval lable technology already existing in the 
Industry that can be applied to process scale up. 


TITLE: Quarterly Report. Development of Model and 

Computer Code to Describe Solar Grade Si 
Production Processes 
AUTHOR: R. Srivastava and R.K. Gould 

CORPORATE AUTH: AeroChem Research Laboratories, Inc. 

DATE: December 1979 

REPORT NO: DOE JPL 954862 79/8 

AVAILABILITY: NTIS, PC A07/MF A01 

ABSTRACT: This report describes models and computer codes 

which may be used to describe flow reactors in which high 
purity, solar grade Si is produced via reduction of gaseous 
Si halides A prominent example of the type of process 
which may be studied using the codes developed in this pro- 
gram is the SiCl^/Na reactor currently being developed 
by the Wesllnghouse Electric Corp. During this program 
two large computer codes were developed. The first is the 
CHEMPART code, an axi symmetr lc , marching code which treats 
two phase flows with models describing detailed gas phase 
chemical kinetics, particle formation, and particle growth. 
This code, based on the AeroChem LAPP code can be used to 
describe flow reactors in which reactants mix, react, and 
form a particulate phase. Detailed radial gas phase com 
position, temperature, velocity, and particle size distri 
butlon profiles are computed. Also, deposition of heat. 
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momentum, and mass (either particulate or vapor) on reactor 
walla la described. The second code la a modified version 
of the GENMIX boundary layer code which la used to compute 
rates of heat, momentum, and mass transfer to the reactor 
walla. This code lacks the detailed chemical kinetics and 
particle handling features of the CHEMPART code but has 
the virtue of running much more rapidly than CHEMPART, 
while treating the phenomena occurring in the boundary 
layer In more detail than can be afforded using CHEMPART. 
These two codes have been used in this program to predict 
particle formation characteristics and wall collection 
efficiencies for SlCl/ N * flow reactors. It is antici- 
pated that an important application of these codes will be 
their use in finding operation conditions where droplet 
formation may be minimized and high collection efficien 
cies may still be realized in reactors of the Westinghouse 
type. 


TITLE: Semiconductor Grade, Solar Si Purification Project 

AUTHOR: W.M. Ingle, R.S. Rosier, et al. 

CORPORATE AUTH: Motorola, Inc. 

DATE: December 10, 1979 

REPORT MO: 954442-78/12 

ABSTRACT: In February 1976, DOB/JPL funding was initiated 

for Motorola's low-cost polysilicon program. In the pro- 
cess, Sir 4 , a low-cost by-product is reacted with mg Si 
to form SlF 2 gas which is polymerized. The (Sip 2 ) f 
polymer Is heated forming volatile Si x Fy homologues 
which disproportionate (CVD) on a Si particle bed forming 
Si and SlF^. During the Initial phases of the investiga- 
tion, the Si analysis procedure relied heavily on SSMS and 
ES analysis. These analysis demonstrated that major puri- 
fication had occurred and some samples were Indistinguish- 
able from semiconductor grade Si (except possibly for 
phosphorus). However, more recent electrical analysis via 
crystal growth reveals that the product contains compen 
sated phosphorus and boron. Work on the control or removal 
of the electrically active donors and acceptors could yield 
a product suitable for solar application. 


TITLE: Final Report. Si Halide Alkali Metal Flames as a 

Source of Solar Grade Si 
AUTHOR: D.B. Olson and V.J. Hiller 

CORPORATE AUTH: AeroChem Research Laboratories, Inc. 

DATE: January 1980 

REPORT NO: DOE-JPL 954777-80/8 

AVAILABILITY: MTIS, PC A04/MF A01 

ABSTRACT: The object of thla program was to determine the 

feasibility of ualng continuous high temperature reactions 
of alkali metals and Si halides to produce Si In large 
quantities and of suitable purity for use in the produc- 
tion of PV solar cells. Equilibrium calculations showed 
that a range of conditions were available where Si was 
produced as a condensed phase but the byproduct alkali 
metal salt was a vapor. A process was proposed using the 
vapor phase reaction of Na with SiCl 4 . Low pressure 
experiments were performed demonstrating that free Si was 
produced and providing experience with the construction of 
reactant vapor generators. Further experiments at higher 
reagent flow rates were performed in a low temperature 
flow tube configuration with co-axial injection of re- 
agents. A high temperature graphite flow tube was built 
and continuous separation of Si from NaCl was demon- 
strated. A larger-scaled well-stirred reactor was built. 
Experiments were performed to investigate the compatibility 
of graphite-based reactor materials of construct Iona with 
sodium. 


TITLE: Final Report. Analysis of The Effects of 

Impurities in Si 

AUTHOR: J.H. Wohlgemuth and M.N. Giuliano 

CORPORATE AUTH: Sola rex Corp. 

DATE: January 1980 

REPORT MO: DOE-JPL 955307/4 

AVAILABILITY: MTIS, PC A05/MF A01 


ABSTRACT: The purpose of this program was to conduct a 

solar cell fabrication and analysis program to determine 
the effects on the resultant solar cell efficiency of 
impurities Intentionally incorporated into Si. The program 
employed "flight-quality” technologies and quality assur- 
ance typical of an experienced solar cell manufacturer to 
assure that variations in cell performance are due to the 
impurities incorporated In the Si. A rigid program of doc- 
umentation and decontamination procedures was instituted. 


TITLE: Final Report. Movel Duplex Vapor-Electrochemical 

Method for Si Solar Celia 
AUTHOR: L. Nanis, A. Sanjurjo, et al. 

CORPORATE AUTH: SRI International 

DATE: March 1980 

REPORT NO: DOE-JPL 954471-80/13 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: A process has been developed for the economic 

production of high purity Si from Inexpensive reactants, 
based on the Na reduction of SiF 4 gas. The products of 
reaction (NaF, Si) are separated by either aqueous teaching 
or by direct melting of the MaF-Si product mixture. Impur- 
ities known to degrade solar cell performance are all 
present at sufficiently low concentrations so that melt 
solidification (e.g., Cz) will provide a Si material 
suitable for tolar cells. 


TITLE: Final Report. Use of Glass Reinforced Concrete as 

a Substrate for PV Modules 
CORPORATE AUTH: Tracor MBAxsoclates (MBAssoc lates ) 

DATE: March 1980 

REPORT MO: DOE-JPL 955281-80/4 

AVAILABILITY: MTIS, PC A06/MF A01 

ABSTRACT: MBAasociates developed a substrate for flat 

plate PV solar panel arrays using a GRC material. The 
installed cost of this GRC panel (designed, developed and 
fabricated by MBA) is 30% less than the JPL coat goal of 
the Near Term Low-Cost Flat Plate PV Program. The 4* x 8' 
panel la fabricated from readily available inexpensive 
material*, weighs a nominal 190 lbs., has exceptionally 
good strength and durability properties (rigid and resists 
weathering), it amenable to mats production and Is easily 
Installed on simple mountings. Solar cells are encapsu- 
lated in EVA with Tedlar backing and Rorad cover film. 

The laminates are attached to the GRC substrate with 
acrylic transfer tape and edge sealed with a silicone RTV 
adhesive . 


TITLE: Final Report. Gaseous Melt Replenishment System 

AUTHOR: D.M. Jewett, H.E. Bates, and D.M. Hill 

CORPORATE AUTH: Energy Material* Corp. 

DATE: August 1980 

REPORT NO: DOE-JPL 955269-80/16 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: Tha objective of thia program was to demonstrate 

the operation of a novel, efficient Si production tech- 
nique. The essentials of the method comprised chemical 
vapor deposition of Si, by hydrogen reduction of chloro- 
s i lanes , on the inside of a quartz reaction vessel having 
large Internal surface area. The system was designed to 
allow successive deposition-melting cycles, with Si 
removal being accomplished by discharging the molten Si. 

The liquid product would be euiteble for transfer to a 
crystal growth process, casting Into solid form, or 
production of shots. Successful, sequential operation of 
the reverse U-bend trep seal ("U-tube") was also 
demonstrated. This feature, acting as a 1400°C valve, 
permits succesaive deposition meltout cycles in the 
reactor. Problems remaining to be solved with the system 
Include: (l) Plugging of the reactor outlet tube by Si 

halide polymers and by Si monoxide generated during the 
melt-down. (2) Maximization of regenerative heat 
exchange between reactents and products, thus improving 
conversion levels. 
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TITLE: Final Report. AR Coatings on Large Area Glass 

Sheets 

AUTHOR: E . Pastlrlk 

CORPORATE AUTH: Motorola, Inc. 

DATE: September 1980 

REPORT MO: DOE-JPL 955339-80/4 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: AR coatings which may be suitable for use on 

the covers of PV solar modules can be easily produced by a 
dipping process. The coatings are applied to glass by 
drawing sheets of glass vertically out of dilute aqueous 
sodium silicate solutions at a constant speed, allowing 
the adherent liquid film to dry, then exposing the dried 
film to concentrated sulfuric acid, followed by a water 
rinse and dry. The process produces coatings of good 
optical performance (96.7% peak transmission at 0.540 uM 
wavelength) combined with excellent stain and soil resist- 
ance, and good resistance to abrasion. The process is 
reproducible and easily controlled 

TITLE: Final Report. Development of Megasonlc Cleaning 

for Si Wafers 
AUTHOR: A. Mayer 

CORPORATE AUTH: RCA Corp. 

DATE: September 1980 

REPORT NO: DOE-JPL 955342-79/5 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: The major contract goals to develop a cleaning 

and drying system for processing at least 2500 3-in.-dia 
wafers/h and to reduce the process cost were achieved. 

The new system consists of an ammonia hydrogen peroxide 
bath in which both surfaces of 3/32- l n -9paced , ion- 
Implanted wafers are cleaned in quartz carriers moved on a 
belt past two pairs of Megasonlc transducers. The wafers 
are dried in the novel room- temperature , high-velocity air 
dryer in the same carriers used for annealing. A new laser 
scanner was used effectively to monitor the cleaning 
ability on a sampling basis. 


TITLE: Final Report. October 1, 1975 to February 6, 

1981. Process Feasibility Study 
AUTHOR: C.L. Yaws, t. Ll , et al. 

CORPORATE AUTH: Lamar University 

DATE: February 6, 1981 

REPORT NO: DOE-JPL 954343 81/21 

AVAILABILITY: NTIS, PC A20/HF A01 

ABSTRACT: Thia atudy reports work performed and presents 

result! for process system properties, chemical engineer- 
ing and economic analyses of the new technologies and pro- 
cesses being developed for the production of lower cost Si 
for solar cells. Major physical, thermodynamic and trans 
port property data are reported for the following Si source 
and processing chemical materials: silane, Si tetrachlor- 

ide, t r Ichloros i lane , dichloros l lane , Si tetraf luor ide and 
Si. The property data are reported for critical tempera 
ture, critical pressure, critical volume, vapor pressure, 
heat of vaporization, heat capacity, density, surface 
tension, viscosity, thermal conductivity, heat of formation 
and Gibb's free energy of formation. The reported property 
data are presented as a function of temperature to permit 
rapid usage in research, development and production engine 
erlng. Chemical engineering analyses involving the pre- 
liminary process design of a plant (1000 MT/yr capacity) 
to produce Si via the technology under consideration were 
accomplished for the following processes: UCC silane 

process for Si; BCL process of Si - case A; BCL process 
for Si - case B; conventional polyslllcon process (Siemens 
Technology); Sil^ decomposition process and DCS process. 

TITLE: Final Report. Development of Processes for the 

Production of Solar Grade Si from Halides and 
Alkali Metals, Phase I & II 
AUTHOR: C.R. Dickson and R.K. Gould (Phase I); 

C.R. Dickson, W. Felder, snd R.K. Gould (Phase II) 


CORPORATE AUTH: AeroChem Research Laboratories, Inc. 

DATE: March 1981 

REPORT NO: DOE-JPL 955491-81/6 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: Phase I of this program was directed toward the 

development of processes involving high temperature reac- 
tions of Si halides with alkali metals for the production 
of solar grade Si in volume at low cost. Experiments were 
performed to evaluate product separation and collection 
processes, measure heat release parameters for scaling 
purposes, determine the effects of reactants and/or pro 
ducts on materials of reactor construction, and make pre 
liminary engineering and economic analyses of a scaled up 
process. Samples of the Si product were delivered to JPL 
for evaluation of solar cell performance. The objective 
of Phase II of the program was to characterize the kinet- 
ics and mechanism of the formation and growth of Si parti 
cles from the decomposition of silane at high temperatures. 
The experiments were aimed at determining the rates at 
which gas phase species form Si particle precursors, the 
time required for silane decomposition to produce parti 
cles, and the competing rate of growth of Si seed parti- 
cles injected into a decomposing silane environment. 


TITLE: Final Report. For period July 1978 to January 

1981. Evaluation of Selected Chemical Processes 
for Production of Low-Cost Si, Phase III 
AUTHOR: J.M. Blocher, Jr., et al . 

CORPORATE AUTH: Battelle Memorial Institute, 

Columbus Laboratories 
DATE: March 31, 1981 

REPORT NO: DOE-JPL 954339-81/21 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: As a phase of a program to establish the engi- 

neering feasibility of the process for producing Si by the 
zinc vapor reduction of Si tetrachloride, a PDU, which con- 
sisted of the four major units of the process, was de 
signed, installed, and experimentally operated. The PDU 
was sized to 50MT/yr. The deposition took place in a FBR 
As a consequence of the experiments, improvements In the 
design and operation of these units were undertaken and 
their experimental limitations were partially established. 


TITLE: Final Report. Investigation of the Hydrogenation 

of SiCl 4 

AUTHOR: J.Y.P. Mu l and D. Seyferth 

CORPORATE AUTH: Massachusetts Institute of Technology 

DATE: April 1981 

REPORT NO: DOE JPL 955382-79/8 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: A two-year R&D program was initiated in April 

of 1979 to study the hydrochlorination of Si tetrachloride 
and metallurgical grade (m.g.) Si metal to trlchlorosl- 
lane. This complementary research and development effort 
is conducted to supplement the engineering process develop 
merit activities for the EPSDU under the UCC Contract No. 
954334. A laboratory scale pressure reactor was con 
structed to study this reaction at pressures up to 500 
pslg. Reaction kinetic measurements were carried out as a 
function of reactor pressure, reaction temperature and 
H 2 /S1C1 4 feed ratio. The conditions for reaction 
kinetic data collected at 500 pslg were specifically 
designed to complement the engineering design for the 
hydrochlor ins t ion reactor in the UCC EPSDU, silane to-Sl 
process. The effect of an added copper catalyst on the 
reaction rate was investigated. Different particle size 
distributions of the m.g. Si metal were utilized to study 
the effect of total solid surface area on the rate of the 
hydrochlorination reaction. Experiments were carried out 
with the object to study the life of the Si mass bed with 
and without the presence of a copper catalyst. The effect 
of a prolonged reaction on the reaction rate was investl 
gated. A corrosion study was made on type 304 stainless 
steel and Incoloy 800H under the actual hydrochlorination 
reaction environment. 
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TITLE: Final Technical Report. Development of a Process 

for High Capacity Arc Heater Production of Si for 
Solar Arrays for Si Materials Task 
AUTHOR: H.G. Fey 

CORPORATE AUTH: Weatinghouse Electric Corp. 

DATE: May 1981 

REPORT NO: DOE-JPL 954589-80/9 

AVAILABILITY: NTIS, PC All/MF A01 

ABSTRACT: During the performance of the program, the 

eiperlmental verification system for the production of Si 
via the arc heater-sodium reduction of SlCl 4 was 
designed, fabricated, installed, and operated. Each of 
the attendant subsystems was checked out and operated to 
Insure performance requirements. These subsystems in 
eluded: the arc heaters/reactor, cooling water system, 

gas system, power system, control and instrumentation 
system, Na Injection system, SlCl 4 Injection system, 
effluent disposal system and gas burnoff system. Prior to 
introducing the reactants {Ns and SlCl 4 ) to the arc 
heater /reactor , a series of gas only-power tests was con- 
ducted to establish the operating parameters of the three 
arc heaters of the system. Following the successful com 
pletion of the gas only power tests and the readiness tests 
of the sodium and SiCl 4 injection systems, a shakedown 
test of the complete experimental verification system was 
conducted . 


TITLE: Final Technical Report. Study of the Effects of 

Impurities on the Properties of Si Materials and 
Performance of Si Solar Cell 
AUTHOR: C.T. Sah 

CORPORATE AUTH: C.T. Sah Associates 

DATE: October 1981 

REPORT NO: DOE JPL 954685 81/5 

ABSTRACT: This fifth technical report, also the flnsl 

report, covers studies on the effect of impurities and 
defects on the performance of Si solar cells which were 
not reported in the previous four technical reports. It 
describes a theoretical study of the effect of defects 
across the back surface field junction on the performance 
of h igh ef f 1c lency and thin solar cells, using a developed- 
perimeter device model for the three dimensional defects 


TITLE: Final Report. Effect of Impurities and Processing 

on Si Solar Cells 

AUTHOR: R . H . Hopkins, J.R. Davis, et nl . 

CORPORATE AUTH: Westinghouse Electric Corp. 

DATE: February 198? 

REPORT NO: DOE JPL 954331 8?/13 

AVAILABILITY: NTIS, PC All/MF A01 

ABSTRACT: The object of the program has been to investl 

gate the effects of various processes, metal contaminants, 
and contaminant process interactions on the properties of 
Si and on the performance of terrestrial Si solar cells. 
The study has encompassed topics such as thermochemical 
(getterlng) treatments, base doping concentration, base 
doping type (n vs p) , grain boundary impurity interaction 
In polycrystall Ine devices, and long term effects of impur 
itles and impurity impacts on high efficiency cells, as 
well as a preliminary evaluation of some potential 
low-cost Si materials. 


TITLE: Final Report. Si Production Process Evaluation, 

May 18, 1981 to July 30, 198? 

CORPORATE AUTH: Texas Research and Engineering 

Institute , Inc . 

DATE: July 30, 198? 

REPORT NO: DOE JPL 956045 82/5 

AVAILABILITY: NTIS, PC A09/MF A01 

ABSTRACT: Chemical engineering analyses involving the pre 

1 imi nary processes design of a plant (1000 metric tons/year 
capacity) to produce Si via the technology under consldera 
tlon were accomplished for two cases of the Hemlock Semi 


conductor Corp. process. Major activities in the chemical 
engineering analyses included base-case conditions, reac- 
tion chemistry, process flowsheet, material balance, energy 
balance, property data, equipment design, major equipment 
list, production labor and economic analysis. The process 
design package provided detailed data for raw materials, 
utilities, major process equipment and production labor re 
quirements necessary for polysilicon production in each 
process. Using detailed data from the process design pack- 
age, cost analyses for a 1000 metric tons/yr Si plant were 
accomplished for the processes under consideration. Prl 
mary results issuing from the cost analyses included plant 
capital investment and product cost. The product cost 
represents all cost associated with producing Si including 
direct manufacturing cost, indirect manufacturing cost, 
plant overhead and general expenses. The sales price 
includes a profit for the company measured in terms of DCF 
rate of return after taxes on the capital investment that 
the company spent in going Into the business. These cost 
and profitability results for both cases of the HSC process 
indicate that this new technology shows promise for pro- 
ducing Si at appreciable lower cost and comprises an 
alternate process capable of providing a less costly Si 
material for solar cells. 


TITLE: Final Report. Investigation of the Kydrochlori na- 

tion of SiCl 4 , July 9, 1981 to April 8, 1983 
AUTHOR: J.Y.P. Mui 

CORPORATE AUTH: Solerelec tron i cs , Inc. 

DATE: April 15, 1983 

REPORT NO: DOE-JPL 956061/1 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: The hydrochlorl nat ion of Si tetrachloride with 

hydrogen and metallurgical grade Si (mg Si) metal, 

3 SiCl 4 4 ? + Si * 4 SiHCl-j has been shown to be an 

efficient process to produce trichloros i lane . Trichlorosi 
lane is presently the most widely used raw material for the 
production of high purity, polycrystalline Si metal used by 
the electronics industry. It is also the starting material 
in the Union Carbide, silane to Si process and in the Hem 
lock Semiconductor d i ch loros il ane CVD process to produce 
low-cost Si metal for high efficiency solar cells. A re 
search and development program was carried out to study 
the hydrochlorination reaction over a wide range of reac- 
tion conditions. The mechanism of the hydrochlorination 
reaction was also investigated. A corrosion study was 
carried out to evaluate various materials of construction 
for the hydrochlorination reactor at 500°C and 300 psig. 

TITLE: Final Report, Phase III. April 1979 to December 

1981. Experimental Process System Development. 

Unit for Producing Semiconductor Grade Si Using 
the Silane to-Si Process 
CORPORATE AUTH: Union Carbide Corp. 

DATE: June 6, 1983 

REPORT NO: DOE JPL 954334 ?1 

AVAILABILITY : NTIS, PC A16/MF A01 ; 1. 

ABSTRACT: During Phases I and II (refer to June 1979 Final 

Report), the basic technology was demonstrated by labora 
tory experiments that silane can be produced via a closed- 
loop chemical process and that silane can be pyrolyzed in 
a free space reactor to produce polycrystalline Si powder. 
The three objectives of Phase III for the establishment of 
the practicality of a process producing SG Si by a two-step 
process, the preparation of silane and the subsequent 
pyrolysis of silane to yield high-purity Si, are: (1) The 
detailed engineering design, fabrication, installation, 
checkout, and operation of an EPSDU; (2) The performance 
of a supporting research and development program to provide 
an information and quality control base usable for the 
EPSDU and for technological design and economic analyses 
for potential scale up of the process; and (3) The perfor- 
mance of iterative economic analyses of the estimated 
product cost and of large scale plant cost for production 
of SG Si in an EPSDU capable of 100 MT/Si/yr. Phase III 
program will not be completed as planned. However, nego- 
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tlatlons are underway between UCC and DOE/JPL for UCC with 
Its own funding to complete construction of the EPSDU. 


TITLE: Final Report. Preliminary Study of A Radiantly 

Heated Fluidized Bed for the Production of High 
Purity Si 

AUTHOR: 0. Levensptel 

CORPORATE AUTH: Oregon State University 

DATE: August 1983 

REPORT NO: DOE-JPL 956133-83/1 

AVAILABILITY: NTIS, PC A02/HF A01 

ABSTRACT: Recently a new low cost method has been investi- 

gated as a means of preparing very pure Si from silane 
(SlH*) . The fundamental chemical reaction of this tech- 
nology Is SiH^ (gas) + heat -* Sli + 2 H 2 (gas). 

When cold silane gas is heated, it decomposes forming solid 
Si. The purpose of our research is to explore a still dif- 
ferent processing method which uses radiant heating of the 
particles of a fluidized bed. The process involves heating 
the particles at the surface of a shallow fluidized bed by 
radiant heaters located above the surface of the bed. The 
radiant sources could be cooled by a purge of Inert gas 
which is exhausted with the spent • The hot bed 
particles would circulate down to the bottom of the bed 
where they would heat the cold silane gas rising through 
the distributor plate. Decomposition and deposition of 
the silane then follow. 
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SILICON SHEET IN HOUSE ABSTRACTS 


TITLE: Evaluation of Si Ribbon Material for Solar Cell 

Fabrication 
AUTHOR: M . Lelpold 

CORPORATE AUTH : Jet Propulsion Laboratory 

DATE: 1975 

REPORT NO: DOE-JPL 01657 

AVAILABILITY: NTIS-01657 

ABSTRACT: Experimental analyses on Si ribbon growth by 

the EFG technique have been done in the following areas: 

(1) material structure, (2) material electrical perfor- 
mance, (3) diffused p n junction/solar cell characters 
tics, and (4) solar cells air mass zero and terrestrial 
performance. Structural investigations have included Laue 
x-ray, x-ray diffractometer, x-ray topography, SEM/EBIC, 
EDAX, IR microscopy and visible metallograph analyses. An 
abundance of macrostructure and microstructure has been 
observed and correlated with growth conditions where pos 
sible. The impact of these analyses on the development of 
EFG Si ribbon growth will be discussed. Standard reals 
tivity and Hall coefficient measurements have been made on 
ribbon samples using the van der Pbuw technique. The 
results of these measurements have been correlated with 
structural characteristics (eg., grain boundaries, twin 
boundaries) and will be discussed. Tn addition to the 
four-point resistivity measurements obtained from the van 
der Pauw samples, two point spreading resistance probe 
measurements have been made. The results of resistance 
probe scans done along the ribbon length, width and thick 
ness dimensions will be discussed in relation of grain 
boundaries, twin boundaries and ribbon growth conditions. 
SPV measurements have been made to determine the minority 
carrier diffusion lengths in bulk ribbon samples. The data 
from the SPV measurements are correlated with the afore 
mentioned electrical data and solar cell measurement data. 
Solar cells fabricated from ribbon material have been eval 
uated and the data analyzed. Both dark and light IV date 
as well as spectral response data were obtained from these 
cells and correlated with ribbon structure and bulk elec 
trical properties (eg., diffusion lengths). Both AMO and 
terrestrial sunlight efficiencies have been measured and 
correlated with diffusion length and spectral response 
dat a . 


TITLE: A Review of New and Old Si Crystal Growth and 

Processing Techniques for Low Cost PV Power 
Generat ion 

AUTHOR: J. A. Zoutendyk 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1976 

REPORT NO: DOE-JPL 01649 

AVAILABILITY: NTIS 01649 

ABSTRACT: Advanced cutting techniques are being studied 

for slicing ingots into wafers. An Inherent cost saving 
realized from ribbon or sheet forms over ingots is the 
elimination of cutting with its attendant loss of crystal- 
line material, plus required lapping and polishing Ribbon 
and sheet growth techniques are not nearly as advanced as 
conventional ingot growth (Cz, FZ) and are therefore diffi- 
cult to compare in terms of projected cost. Research and 
development of basic ribbon, sheet, "new" ingot growth and 
cutting processes is needed. R&D work is being supported 
by this project at eleven industrial or University labora 
tor leg for the study of basic crystal growth and cutting 
techniques. Commensurate materials and device (solar cell) 
characterization work is being done at these laboratories 
and at JPL in support of the basic processes. In all the 
programs, the aim Is to define the key factors which limit 
growth/cutting parameters and thereby allow for optimize 
tion of these parameters. Growth (crystallization) rates 
of all the processes are of paramount importance. These 
rates are determined by the inter relationships which exist 
between linear growth velocity, thickness (ribbon/sheet) 
and width (diameter). it is precisely these factors which 


form the basis for eventual economic viability (low cost). 
The criterion for economic feasibility of crystal growth 
and processing Is a value added (exclusive of Si material) 
of le bs than $18/m 2 . Proof of technical feasibilty must 
be established for a cAndidate process to be successful. 

In terms of ribbon or sheet, this generally requires the 
demonstration of growth rates from a single "machine" In 
excess of 0.5 m 2 /h. In terms of ingot growth, higher 
growth rates of greater thn 3 m 2 /h must be achieved to 
compensate for additional cutting and processing (lapping, 
polishing, etching) costs involved. In order to meet the 
goal of less than $l/m 2 value added, i ngot/cutt i ng pro- 
cesses must be supported by roughly less than tlO/m? for 
crystal growth and less than $8/m 2 for cutting and wafer 
processing. It is anticipated that multiple blade or wire 
sawing will eliminate theneed for lapping the polishing of 
wafers. Underlying these rate figures is the proviso that 
resulting solar cell devices must have efficiencies of at 
least 12%. With the demonstration of the above general 
goals (plus more specific goals unique to each process), 
it is felt that economic feasibility may be demonstrated 
by engineering development of the experimental growth 
(cutting) machines to provide sustained, highly reliable 
operation. An up-to-date review of the technical and 
economic status of the r ibbon/sheet/ ingot growth and 
cutting work in terms of technical and economic goals will 
be given. 


TITLE: Si Crystal Growth for Terrestrial Solar PV Energy 

AUTHOR: J.A. Zoutendyk 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1976 

REPORT NO: DOE-JPL 01650 

AVAILABILITY: NTIS-01650 

ABSTRACT: Solar PV power generation has significant poten- 

tial as a terestrlal energy source. Although a wide range 
of semi-conducting materials are capable of producting 
solar cells with varying conversion efficiencies, Si is a 
prime candidate for early development and deployment of 
solar arrays. The key technical areas under development 
are Si purification, crystal growth, array production and 
array encapsulation. The subject of this paper is that of 
low-cost crystal growth. An overview of research and 
development efforts now being and anticipated to be pursued 
for Si crystal growth will be given. 


TITLE: Critical Growth Factors for Low-Cost, Large Area Si 

AUTHOR: T. Dlgges, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1976 

REPORT NO: DOE JPL 01651 

AVAILABILITY: NTIS-01651 

ABSTRACT: The basic attributes of each growth class, rib- 

bon, sheet, and ingot, permit the establishment of models 
which may be used to predict value-added cost. Functional 
relationships between cost and critical growth factors may 
be established. Identification of these fundamental rela- 
tionships provides an invaluable link between the on-going 
R&D and engineering design activities (e.g., automated 
array assembly) in determining the ultimate technical and 
economic feasibility of each growth process. The identifi- 
cation of such relationships provides a much needed system 
of checks and balances between the R&D and Production En 
gineering work in order to prevent premature decisions with 
respect to either eliminating or sustaining individual can- 
didates. This paper provides a view toward the establish 
ment of these critical factors and their relationship to 
cost for the 3 growth classes. 


TITLE: Structural Aspects of Electrical Behavior in Si 

Solar Cell Material 
AUTHOR: G. Cummlng 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1976 

REPORT NO: DOE-JPL 01653 

AVAILABILITY: NTIS-01653 
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ABSTRACT: Several potentially inexpensive Si crystal 

growth processes are being pursued. These processes can 
be classified as shaped ribbon growth process (such as 
EFG, Stepanov, web dendritic, laser zone crystallization) 
and sheet growth process (such as CVD and dip-coating of 
Si on inexpensive substrates). We have examined Si mater- 
ial produced by crystal growth processes and present the 
data showing the manifestation of structural imperfections 
on the electrical performance of the material. Optical 
and SEH have been uBed for delineation of structural de- 
fects and the electrical activity of these defects has 
been investigated by operating SEM in EBIC mode. Minority 
carrier lifetimes have been measured by MOS C-t, SPV, and 
EPV techniques and mobility and dopant homogeneity have 
been measured by Van der Pauw and spreading resistance 
techniques, respectively. The results of these various 
measurements, their interdependence and impact on PV 
device operation will be presented. 


TITLE: Role of the Metallurgist in the Solar Energy 

Program 

AUTHOR: T.G. Digges, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1976 

REPORT NO: DOE JPL 01654 

AVAILABILITY: NTIS-01654 

ABSTRACT: A brief discussion is given concerning how the 

metallurgist Is Involved in general crystal growth. The 
specific requirements of Si solar cells are next related 
to the methods of crystal growth. The role of the metal- 
lurgist is then discussed considering the realtionshlp 
between solar energy (PV) and crystal growth methods. 


TITLE: Si Crystal Growth for Low Cost Solar PV Conversion 

AUTHOR: T.G. Digges, Jr., and K.H. Koliwad 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1976 

REPORT NO: DOE-JPL 01655 

AVAILABILITY: NTIS-01655 

ABSTRACT: This paper is concerned with shaped ribbon pro- 

cesses which have liquid solid transformations. The pro 
blema associated with shaped ribbon growth are unique and 
somewhat different than those associated with well devel- 
oped Cz and FZ techniques. The specific shaped ribbon 
growth processes to be discussed are: web dendritic 

growth, EFG , and ribbon zone growth. The 2 processes that 
compose the web dendrite growth is explained. The sta 
blllty of the process is determined in terms of tempera 
ture gradients. The web growth process is discussed in 
terms of Interface stability, the theory of which is some 
what contradictory to experimental observations. The 
development of the EFG process is discussed in terms of 
the mathematical model developed by Chalmers, et al, at 
Harvard. The dynamic and static conditions are solved and 
the total mathematical solution is shown to be the juxta 
position of the 2 solutions. The practical problems in- 
volving the selection of the die are discussed in terms of 
the wetting angle and constitutional supercooling. The 
problems associated with Stepsnov process are similar to 
those of EFG except that the Stepanov processes use a non 
wetting die. For ribbon zone growth, the major problem is 
controlling the factors that affect the stability of the 
melt zone. We also discuss the Schmid Vlechnicki tech- 
nique. The role of convection is shown to be minimized by 
this process and thereby constitutional supercooling is 
reduced . 


TITLE: Progress in Si Crystal Technology for Terrestrial 

PV Solar Energy Conversion. Conducted as part of 
the Fourth PIM 
AUTHOR: J.A. Zoutendyk 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1976 

REPORT NO: 5101-12 


ABSTRACT: During the course of the Fourth PIM of the LS A 

Project, the Large Area Silicon Sheet Task conducted an 
intramural conference to discuss development progress in 
various aspects of the technology of preparing Si ribbons, 
sheets, or wafers for use in the fabrication of solar 
cells. Brief papers were presented by the eleven con 
tractors to the Task, as well as two by other laboratories 
and one by JPL. 


TITLE: Some Observations on the Characteristics of 

Low Cost Si Sheets 
AUTHOR: T.G. Digges 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1976 

REPORT NO: DOE JPL 01360 

AVAILABILITY: NTIS-01360 

ABSTRACT: Crystal growth technology ranges in scope from 

innovative ingot growth and multislice watering, to shaped 
growth techniques, substrate related processes and hot 
forming techniques. We report some salient observations 
on materials resulting from these processes. Included are 
multiblade watering induced damaged studies, interface 
morphology studies on the heat exchanger cast Si, some 
diffusion length measurements in thin Si layers on ceramic 
substrates, and results on the "equilibrium structure" 
found in laser zone ribbon growth. 

TITLE: Economic Analysis of Low Cost Si Sheet Production 

from Cz Grown Material 
AUTHOR: G. Cummlng 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1976 

REPORT NO: DOE-JPL 01361 

AVAILABILITY: NTIS 01361 

ABSTRACT: Cz crystal growth has long been the work horse 

of the Si semiconductor industry. High quality 5 to 10 cm dia 
crystals can be grown today In large production quantities 
and there are no apparent technical reasons that preclude 
the growth of similar quality, larger diameter crystals in 
production diameter slices for starting material. In this 
study we have made a detailed examination of the manufac 
turlng add on rosts for both the Cz Ingot growth and the 
associated slicing. The engineering cost considerations 
for the growth process include single charge, multiple 
charge and continuous growth configurations. For each of 
these situations, parametric studies were carried out to 
examine the effect of growth rate (cm/h) and solidifies 
tion rate {kg/h>, operating and expendable material costs 
and maintenance expenditures. Watering investigations 
considered both 1U and multihlade technologies. Wafer 
yield per unit, length of crystals is developed as a crlti 
cal parameter. Present slicing throughput has been costed 
for both technologies, and, where possible, projected cost 
reductions have been estimated based on machine redesign 
and/or technology development. For both growth and wafer 
i ng , the lower limits to manufacturing add-on costs have 
been developed using physical limitations for process var- 
iables and optimistic estimates for material and service 
related coats. The study shows that the lower limits for 
manufacturing add on costs to convert polysilicon to wafers 
is $20 to $30/m 2 . This cost limit should be viewrd as 
an asymptote since it is based on multicharge or continuous 
growth configurations, solidification rates in excess of 
2 kg/h, multiblade watering and a slice plus kerf of 
.050 cm. It should also be emphasized that the results of 
this atudy are based on as sawn wafers, 100* yields 
(growth and slicing) and no profit. 

TITLE: Ceramics in Si Photovol ta i c s for Terrestrial 

Applications 

AUTHOR: M.H. Lelpold and H.A. Hagan 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1976 

REPORT NO: DOE JPL 01656 

AVAILABILITY: NTIS 01656 
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ABSTRACT: The production of Si solar cells for generation 

of electric power for terrestrial uses Involves a aignlfl- 
cent number of ceramic products and processes, These range 
from non-contaminating refractories having good wetting 
characterlst lea for use in contact with molten Si to elec- 
trical contact materials and environmental protection. The 
shortcomings of present materials and systems are enumer- 
ated and development activities toward alleviation of these 
shortcomings are given. The high probability for extensive 
use of ceramics with Si photocells is noted. This high 
probability is related to the superior environmental sta- 
bility and thermal expansion compatibility with Si. 

TITLE: Development of Low-Cost Si Crystal Growth 

Techniques for Terrestrial PV Solar Energy 
Convers l on 

AUTHOR: J.A. Zoutendyk 

CORPORATE AUTH : Jet Propulsion Laboratory 

DATE: June 1977 

REPORT NO: DOE-JPL 02559 

AVAILABILITY: NTIS-02559 

ABSTRACT: This paper reviews a U.S. research program 

aimed at reducing the cost of Si cells by developing new 
methods of growing Si ribbons and sheet from which high 
efficiency solar cells can be fabricated. The paper also 
describes novel techniques for lower cost processes for 
Ingot growth and wafer slicing which ire included in this 
research and development program. 


TITLE: Structure Development in Si Sheet by Shaped 

Crystallization 

AUTHOR: H.J. Leipold and R.J. De Angelis 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 1977 

REPORT NO: DOE JPL 01859 

AVAILABILITY: NTIS-01859 

ABSTRACT: Models are presented for the development of a 

parallel twinned (110) (112) structure in Si ribbons. The 
models are believed to be mutually compatible and operable. 
The first model relates the requirements for supercooling 
during crystallization. The existence of reentrant angles 
associated with the twin structure is proposed to provide 
a rough interface to reduce super cooling. The spacing of 
the twins is proposed to be limited by the geometrical re- 
lationship between the thermal gradient in the liquid and 
the dimensions of the twinned crystallization front. The 
second model relates the thermal stress configuration to 
detail dislocation reactions which would be expected to 
develop twins. While a specific dislocation mechanism 
cannot yet be defined, a number of alternatives are pre 
sented . All of these various dislocation mechanisms would 
result in the observed crystalline configuration and the 
choice among them is not critical. 


TITLE: On the Thermoelastic Analysis of Solar Cell Arrays 

and Related Material Properties 
AUTHOR: M. Salama and F.L. Bouquet 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1978 

REPORT NO: DOE/ JPL 33 753 

AVAILABILITY: NTIS 33 753 

ABSTRACT: Accurate prediction of failures of solar cell 

arrays requires corresponding accuracy in the computation 
of their thermally induced stresses. This was accomplished 
by using the finite element technique. Certain improve 
ments in the previously reported procedures for stress 
calculation were introduced together with failure criteria 
capable of describing a wide range of ductile and brittle 
material behavior. With these improvements and capabili 
ties, the stress distribution and associated failure mech 
anisms in the N interconnect junction of two JPL solar 
cell designs were discussed and correlated to previous 
findings. In such stress and failure analysis, it is 
essential to know the thermomechanical properties of the 


materials involved. To complement previous efforts in 
thia direction, new measurements were made of properties 
of materials suitable for the design of lightweight arrays 
namely, the mlcrosheet-0211 glass material for the solar 
cell filter together with 5 materials for lightweight sub- 
strates (Kapton-H, Kapton F, Teflon, Tedlar, and Mica Ply 
PG-402) . The temperature dependence of the thermal coef- 
ficient of expansion for these materials was determined 
together with other key properties such as the elastic 
moduli, Poisson’s ratio, and the stress strain behavior up 
to failure. 


TITLE: Multi-Wire Slurry Waferlng Demonstrations 

AUTHOR: C.P. Chen 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1978 

REPORT NO: DOE JPL 1012-78/7, and 5101-57 

ABSTRACT: A series of ten slicing demonstrations on a 

multi-wire slurry saw, manufactured by Yasunaga Engineer 
ing Co. of Japan and distributed by GEOS Corp. of 
Stamford, Connecticut, was made to evaluate the Si ingot 
waferlng capabilities. 


TITLE: Compatibility Studies of Various Refractory 

Materials in Contact with Molten Si 
AUTHOR: T. O'Donnell, M. Leipold, and M. Hagan 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 1978 

REPORT NO: DOE-JPL 1012-77/6, JPL Pub. 78-18, 5101-53 

ABSTRACT: The production of low cost, efficient solar 

cells for terrestrial electric power generation involves 
the manipulation of molten Si with a present need for 
noncontaminating h 1 gh- temperature refractories to be used 
as containment vessels, ribbon- production dies and 
dip-coated substrates. Studies were conducted on the 
wetting behavior and chemi ca l /phys i c al interactions 
between molten Si and various refractory materials. 


TITLE: Copper Precipitation Effects in Si Used in Solar 

Cells 

AUTHOR: A.M. Salama 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: May 1978 

REPORT NO: DOE JPL 02572 

AVAILABILITY: NTIS-02572 

ABSTRACT: M 1 c ros t rue t u ra 1 evaluation tests (e.g., TEM, 

SEM) were performed on copper- doped p type Si single 
crystal wafers before and after the solar cell fabrication. 
The copper concentration was 10 15 - 10 16 atoms/cm 3 . 

It was found that B CuSi precipitates were formed during 
the growth process. No precipitates or other electrically 
active defects were detected in the solar cell junction 
depletion region. The copper precipitation in the bulk 
diminished the possibility of electrically active inter- 
stitial copper occurring in the lattice. These results 
explain the good electrical characteristics of the Si solar 
cells under Investigation. 


TITLE: The Effects of Copper and Titanium on Si Solar 

Cells 

AUTHOR: A.M. Salama 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1978 

REPORT NO: DOE JPL 02573 

AVAILABILITY: NTIS 02573 

ABSTRACT: Copper- doped n/p Si solar cells fabricated from 

the Cz grown single-crystal wafers were found to have good 
electrical characteristics, but the titanium doped n/p Si 
aolar cells had considerably lower conversion efficiency. 
In the copper / t l t an l um doped solar cells, copper seems to 
mitigate the unfavorable effects of titanium. To explain 
this behavior, micros t ructural tests were performed on Si 


27 



wafers and solar cells doped with copper, titanium and 
copper/titanium. Dark forward and reverse I-V measurements 
were performed on the solar cells to correlate the micro 
structural defeats with the p n junction properties. It 
was found that copper precipitates were formed In the 
copper-doped and copper/t 1 tanlum doped wafers and cells. 
There was a significant voltage drop In the dark reverse 
I-V measurements of the titanium solar cells. Also, there 
were some electrically active defects In the depletion 
region of some titanium doped cells. Reasons that lead to 
the above results are given in detail. 

TITLE: Growth of Large Si Single Crystals by a Casting 

Technique 

AUTHOR: T.G. Dlgges, Jr. and F. Schmid 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1978 

REPORT NO: DOE-JPL 01359 

AVAILABILITY: NTIS-01359 

ABSTRACT: This paper reports on the observations of nude- 

ation and growth propagation from the single crystal seed 
by HEM. Initial attempts to control Si solidification by 
high temperature gradients In both the solid and liquid 
(controlled by the heat exchanger and furnace temperature) 
resulted In epitaxial growth that propagated 1 mm from the 
seed, followed by interface breakdown It became evident 
that liquid and solid thermal gradients were critical for 
Si solidification. By reducing the thermal gradients In 
both the solid and liquid by decreasing the furnace temper- 
ature, it is now possible to propagate single crystal 
growth from the seed to the top of the melt. Hetallo 
graphic and x-ray analyses have revealed highly perfect 
growth with dislocation densities below lc/'/cm 2 . Poly 
crystalline grains are still present at the edges of the 
sample. A contamination problem (SiC inclusions) has 
revealed an interesting phenomena. Single crystal growth 
has enveloped the silicon carbide particles, which is con- 
tradistinct to Cz growth where SiC particles result in 
interface breakdown with twin/polyr rys tall i ne growth. 

Single crystal growth has proceeded around the particles 
with no interface breakdown. A problem that has been 
identified is the cracking of the sample after solidifi- 
cation. This occurs because the Si forms a strong chemical 
bond with the silica crucible and contracts much greater 
due to its large coefficient of thermal expansion. 


TITLE: Effect of Multiblade Slurry Saw Induced Oamage on 

Si Solar Cells 
AUTHOR: T. Daud 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1978 

REPORT NO: DOE-JPL 02889 

AVAILABILITY: NTIS-02889 

ABSTRACT: It is well known that the performance of the Si 

solar cells fabricated on sawn wafers improves considerably 
if the saw-induced damage is removed prior to fabrication. 
The material loss from this removal Impacts on the economic 
viability of ingot technology to meet the requirements of 
low-cost Si solar cells. This work was undertaken to 
measure the optimum etch loss required for good solar cell 
performance. The amount of material that needs to be re- 
moved depends both on the extent and the nature of the 
damage induced by the sawing process It has been noted 
in the past that the characteristics of the sawing process 
have considerable influence both on thp extent and the 
nature of the damage. Wafers (10 cm dia) cut from a 
Varian multiblade slurry saw were used in the experiment. 
Samples with various amounts of damage removed by chemical 
etching or checn mechanically polishing were processed into 
solar cells. Cell performance measurements of light and 
dark I-V and spectral response characteristics were then 
made as a function of depth of damage removed. Results 
are presented . 


TITLE: Fracture Strength of Si Solar Cells 

AUTHOR: C.P. Chen 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1979 

REPORT NO: DOE-JPL 1012-32 and 5101-137 

ABSTRACT: In an effort to improve the reliability and 

lower the cost of solar cells, s test program has been 
developed to determine the nature and source of the flaw 
controlling the fracture of Si solar cells and to provide 
Information regarding the mechanical strength of cells. 
This report contains results obtained in the first phase 
of a test program to develop improved methods for testing 
the mechanical strength of cells and to evaluate the 
fracture strength of typical Cz Si solar cells 76 mm 
(3 in. ) In dia. 


TITLE: Characterization of Deliberately Nickel-Doped Si 

Wafers and Solar Cells 
AUTHOR: A.M. Sal am a 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1979 

REPORT NO: DOE-JPL 1012-34, and 5101-139 

ABSTRACT: Mi crost ructural and electrical evaluation tests 

were performed on nickel-doped p-type Si wafers before and 
after solar cell fabrication. The concentration levels of 
nickel in Si were 5 x 10* 4 , 4 x 10^^, and 8 x atoms/cm 3 


TITLE: Cost of Cz Wafers as a Function of Diameter 

AUTHOR: M.H. Leipold. C. Radies, and A. Kachare 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1980 

REPORT NO: DOE JPL 1012-37, JPL Pub. 80 25 , 5101-146 

AVAILABILITY: NTIS, PC A02/MF A01 

ABSTRACT: The impact of diameter in the range of 10 to 

15 cm on the cost of wafers sliced from Cz ingots is 
analyzed. Increasing Si waste and decreasing ingot cost 
with increasing ingot size are estimated along with 
projected costs. Results indicate a small but continuous 
decrease in sheet cost with increasing ingot size in this 
size range Sheet costs including Si are projected to be 
$50 to $60/m^ (1980 $) depending upon technique used. 


TITLE: Sensitivity Analysis of the Add-On Price Estimate 

for the EFG Process 

AUTHOR: A R. Mokashi and AH. Kachare 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 1981 

REPORT NO: DOE JPL 1012 55, JPL Pub. 81-37, 5101 171 

ABSTRACT: The EFG process is a Si-sheet technology option 

that is being developed for the LSA Project. This study 
presents a sensitivity analysis of the process add on 
price in terms of cost parameters such as equipment, 
space, direct labor, materials and utilities, and the 
production parameters such as growth rate, process yield 
and duty cycle, using a computer program developed 
specifically to do the sensitivity analysis with IPEG. 


TITLE: Sensitivity Analysis of the Add On Price Estimate 

for the Si Web Growth Process 
AUTHOR: A R. Mokashi 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 15, 1981 

REPORT NO: DOE JPL 101? 61, JPL Pub. 81-112, 5101-175 

ABSTRACTS: The web growth process is a Si sheet tech- 
nology option that is being developed for the Project. In 
order to achieve the price goal of $0.70/Wp, certain 
required production rate and sheet quality standards must 
be met. Based on research and development experience, 
base case data for the technical and cost parameters that 
could be achieved for the technical and commercial read! 
ness phase of the FSA project are projected. This study 
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presents a sensitivity analysis of the process add on 
price, using the base-case data in terms of cost param- 
eters such as equipment, space, direct labor, materials 
and utilities, and the production parameters such as growth 
rate and run length, using a computer program developed 
specifically to do the sensitivity analysis with 1PEG. 

The sensitivity analysis is also performed with respect to 
Si price, sheet thickness and cell efficiency. 


TITLE: Effect of Loading Rates on the Strength of Si 

Wafers 

AUTHOR: C.P. Chen 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 15, 1981 

REPORT NO: 5101-190 

ABSTRACTS: The effect of loading rates on the strength of 

Si wafers was evaluated under biaxial stress conditions at 
five loading rates and under four-point twisting at two 
loading rates and was found to be insignificant. The re- 
sults showed no indication of time-dependent subcrltical 
crack growth in Si at room temperature in a laboratory en- 
vironment. The mechanical- strength test of Si solar cells 
can thus be determined at a rate as fast as a testing 
machine can respond, without loss of accuracy. This con- 
clusion is important in that it shows that a high speed 
solar-cell mechanical proof- test i ng machine can be sued in 
solar-cell manufacturing. 


TITLE: Proceedings of the Low Cost Solar Array Watering 

Workshop (June 8-10, 1981, The Polnte, Phoenix, 
Arizona) 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1, 1982 

REPORT NO: DOB-JPL 1012-66, JPL Pub. 82-9, 5101-187 

ABSTRACTS The Low-Cost Solar Array Watering Workshop was 
held on June 8-10, 1981, at The Pointe, Phoenix, Arizona. 
The Workshop consisted of seven sessions covering all 
aspects of ingot watering, including fixed- and free 
abrasive sawing, materials, mechanisms, characterization, 
innovative concepts and economics. Twenty-seven papers 
were presented. 


TITLE; Baseline Solar Cell Fabrication Procedure for 
Evaluation of Si Sheets 
AUTHOR: S. Hyland and F. Uno 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: July 1, 1982 

REPORT NO: 5101-206 

ABSTRACT: One step toward the commercialization of low- 

cost solar modules is the development of low-cost Si 
sheets. Any evaluation of these sheets for their solar 
cell potential must Include the fabrication and testing of 
devices. A comparison among the various sheets can be 
drawn by measuring their response to fabrication by a 
conservative, baseline process. A baseline process has 
been developed which consistently yields a 12% AMI solar 
cell when the substrate used is high-quality Cz si. The 
fabrication procedures for this baseline process are given 
in four sections: sample preparation: dicing of wafers to 
2 x 2 cm blanks; cleaning the blanks; junction formation: 
phosphine diffusion; removal of back junction; metalliza- 
tion: evaporation of Tl-Pd-Ag; sintering, definition of 
front grid lines by shadow mask or photolithography, and 
edge etching; and anti-reflection coating evaporation: 
evaporation of T 12 O 5 • Also Included are definitions 
of terms, scope, and safety precautions along with lists 
of materials and equipment necessary for each section. 


TITLE: Advanced Cz Si Growth Technology for PV Modules 

AUTHOR: T. Daud and A. H . Kachare 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 15, 1982 

REPORT NO: DOB-JPL 1012-70, JPL Pub. 82-35, 5101-207 

AVAILABILITY: NTIS, PC A03/MF A01 


ABSTRACT: Large area Si sheet growth is one of the impor 

tant elements of PV modules. To reduce the cost of these 
modules, a number of Si sheet- growth approaches encompas- 
sing both ingot and ribbon technology have been developed. 
Advancement of the Cz growth method has been one of these 
approaches because of its existing broad technical base. 
Several economic analyses had indicated that large diam 
eter, multiple Ingot growth using a single crucible with 
melt replenishment would be required for Cz growth to be 
economically viable. Based on the results of these anal 
yses, two liquid feed and two solid feed melt replenish 
ment approaches were initiated. The sequential solid feed 
melt-replenishment approach, which demonstrated elements 
of technical feasibility. Is described in detail. Growth 
results of multiple ingots ( 10 -cm-dla, totaling 100 kg, 
and 15-cm-dla, totaling 150 kg per crucible) are presented 
Solar cells were fabricated and analyzed to evaluate the 
effects of structure and chemical purities as a result of 
multiple growth. The results Indicate that, with SG Si, 
feedstock impurity build-up does not seem to degrade cell 
performance. For polycrystalline cells, the average effl 
cienctes are 15% to 25% lower than those of single crystal- 
line cells. Concerns regarding single crystal yields, cru 
cible quality, and growth speed are indicated, and present 
status and future research thrusts are discussed. 


TITLE: Price Estimates for the Production of Wafers from 

Si Ingots 

AUTHOR: A. R . Mokashi 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 15, 1982 

REPORT NO: DOB-JPL 1012-74, JPL Pub. 82 65, 5101-212 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: Some PV modules are made from solar cells that 

use ribbon Si. Most solar cells, however, are produced 
from wafers sliced from crystalline Si ingots. Unfortu- 
nately, the cost of the slicing process is a major part of 
the cost of producing Si sheet. Any attempt to reduce the 
cost of PV modules, therefore, must involve the develop 
ment of less expensive waferlng technologies. This study 
presents the current status (1981) of the ID, MBS, and 
FAST processes with respect to the estimated price each 
process adds on to the price of the final PV module. The 
expected Improvements in each process, based on the know 
ledge of the current level of technology, are projected 
for the next 2 to 5 yrs and the expected add on prices In 
1983 and 1986 are estimated. Assuming that the projected 
progress is made, the ID and FAST processes are expected 
to achieve the price allocation of $18.l5/m 2 for square 
ingots and $13. 70/m 2 for circular ingots to conform with 
the earlier price goal of the FSA of $0.70/V p of PV mod 
ule (price estimates are expressed in 1980 dollars). MBS 
technology projections, however, indicate that its pro 
gress will not be sufficient to achieve the allocated 
price goal before 1986. 


TITLE: Free Abrasive Slicing, the Results of the FSA 

Program at Varian Associates 
AUTHOR: A.D. Morrison 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1983 

REPORT NO: JPL D-795, and 5101 199 

ABSTRACT: This report summarizes the contract final 

report, Slicing of Silicon into Sheet Material, by JR 
Fleming, et al., of Varian Associates, Lexington Vacuum 
Division, Lexington, Massachusetts. Results are presented 
of analytical and experimental studies of the free abrasive 
multiblade ingot waferlng process as it was applied to the 
slicing of Si into wafers for low cost, solar cell applies 
tions. The analytical effort includes process, blade, and 
economic analyses; and the experimental program covers 
apparatus, consumables, process studies, and wafer 
characterizat ion . 


29 



TITLE: 


Proceedings of the FSA Research Forum on the High- 
Speed Growth and Characterization of Crystals for 
Solar Cells 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 15, 1984 

REPORT NO: DOE-JPL 1012-95, JPL Pub. 84 23, 5101-238 

AVAILABILITY: NTIS, PC A99/HF A01 ; 1 

ABSTRACT: The High-Speed Growth and Characterization of 

Crystals for Solar Cells Research Forum was held on July 
25-27, 1983, at the Sandpiper Bay Hotel in Port St. Lucie, 
Florida. The Research Forum was arranged into eight inter- 
active sessions and addressed theoretical and experimental 
phenomena, applications, and characterizations including 
stress/straln and other problem areas that limit the rate 
of growth of crystals suitable for processing Into effi- 
cient, cost-effective solar cells. The meeting was spon 
gored by JPL FSA. Thirty five invited papers were pre 
sented. Discussion periods followed each presentation. 
These Proceedings are a record of the papers and the dis 
cubs ions . 


TITLE: A Summary Report on the FSA Workshop on 

Transparent Conducting Polymers, January 11 and 
12, 1985 

AUTHOR: R. Kachare and J. Moacanin 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 1, 1985 

REPORT NO: DOE-JPL 1012-110, JPL Pub. 85-60, 5101-276 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: This report describes the proceedings and tech 

nical discussions of a workshop on TCP for solar cell 
applications, held in support of the Device Research Task. 
The workshop was held on January 11 and 12, 1965, in Santa 
Barbara, California. Participants included university and 
Industry researchers. The discussions focused on the elec- 
tronic and optical properties of TCP, and on experimental 
issues and problems that should be addressed for high 
efficiency solar cell application. 
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TITLE: Final Report. Thick Film Si Growth Techniques 

AUTHOR: H.E. Bates 

CORPORATE AUTH: Mobil Solar Energy Corp. 

(Tyco Laboratories, Inc.) 

DATE: April 1975 

REPORT NO: DOE-JPL 953365 75/1 

ABSTRACT: The development of the edge-defined, film-fed 

growth process for Si ribbon is described. The selection 
of die materials Is described emphasizing Sic, graphite, 
Si0 2 and SijN*. Utilizing the graphite die, the 
process was developed to produce ribbons first 1 cm and 
then 2.5 cm wide and up to 40 cm long. The electrical 
quality on the ribbon has increased directly as the result 
of increasing the graphite die purity. Solar cells made 
from recent ribbons grown from purified dies have 
exhibited efficiencies on the order of 75% of control 
cells made from Cz Si. 


TITLE: Final Report. Large Area Cz Si 

AUTHOR: S.N. Rea, RS. Glelm 

CORPORATE AUTH: Texas Instruments, Inc. 

DATE: April 1977 

REPORT NO: DOE/JPL 954475-77/4 

ABSTRACT: The major purpose of this program was to 

determine the overall cost effectiveness of the Cz process 
for producing large-area Si. The goal of the watering 
process was a slice thickness of 0.25 nan with minimal 
kerf. A slice 4 kerf of 1.26 mm has been achieved of 
12-cm crystal using both 200 grit B 4 C and Sic abrasive 
slurries. Crystal growth experiments were performed at 
12-cm diameter in a commercially available puller with 
both 10 and 12 kg melts. Several modifications to the 
puller hot zone were required to achieve stable crystal 
growth over the entire crystal length and to prevent 
crystallinity loss a few centimeters down the crystal. 

The maximum practical growth rate for 12-cm crystal in 
this puller design was lOem/h, with 12- 14cm/ h being the 
absolute maximum, range at which melt freeze occurred. A 
nugget polysilicon feeder was fabricated, assembled, and 
successfully tested on several multicharge runs. Exces 
slve oxide and carbon contamination in the nugget melts 
contributed to crystal growth problems. A number of l?-cm 
crystals were sawed in the multiblade slurry saw. A 100% 
of the yield was obtained with B^C abrasive at a slice + 
kerf of 1.56 mm and an average cutting rate of 6.1 mm/h. 

Si carbide abrasive has demonstrated 3-5 nvn/h sawing rates 
on 12-cm crystal, although yields have run lower (73%) 
than those with B4C at the 0.56 mm dimension. A slightly 
thicker slice, 0.30 mm, can be sawed with Sic abrasive at 
100% yield. Experiments in laser scribing Si wafers into 
hexagons showed that a 10 V YAC laser can penetrate 0.2 ir«a 
at a scribe rate of 10 cm/s. Much higher writing rates on 
the order of 30 40 cm/s can penetrate 0.05 rmn which is 
sufficient for scribe- and- break of 0.25 mm slices. Cz 
economics were examined using realistic estimates of 
technical parameters and a sheet eo B t in the $45/m ? area 
is indicated for a semi cont i nuous puller in the early 1980 
time frame. To Impact sheet cost in late 1970's, a multi 
charge growth mode is all that is technically possible and 
a sheet cost of $55/m ? is forecast. 


composite dies coated with chemically vapor deposited si 
nitride. Growth instabi 1 i 1 1 tes are associated primarily 
with the formation and evolution of the Sl monoxide; the 
escape of the gas causes hysteresis of the contact angle 
and mechanical vibration of the melt. As a result of 
this, the meniscus during the ribbon growth is not "pinned** 
at the die edge but Is in constant motion, and growth is 
difficult to Initiate. Although real progress was made, 
the Instabilities have not been suppressed sufficiently to 
allow for Initiation of ribbon growth. Preliminary evalua- 
tion of the reactivity of liquid Si with CVD Si 3 N 4 and 
CVD SijOjNy Indicated that these materials are con- 
siderably more resistant to reaction with and/or dissolu- 
tion in Sl than other materials examined to date. Solar 
cells made in the epitaxially deposited Si on a Sl ribbon 
grown by the inverted Stepanov process with the BN flat 
die had an efficiency of 8.2% (AMI). The stability of the 
ribbon growth, in terms of the dependence of the ribbon 
thickness on the change in the meniscus height, is theoret- 
ically greater In the inverted Stepanov or inverted EFG 
than in Stepanov or EFG process. A one dimensional heat 
flow model has been developed to simulate numerically the 
major thermal aspects of the inverted Stepanov growth 
process. 


TITLE: Final Report. Heat Exchanger Ingot Casting/ 

Slicing Process 

AUTHOR: F. Schmid and C.P. Khattak. 

CORPORATE AUTH: Crystal Systems, Inc. 

DATE: December 1977 

REPORT NO: ERDA- JPL 954373-77/4 

AVAILABILITY: NTIS, PC A10/MF A01 
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been established. One of the major hurdles of ingot crack- 
ing has been eliminated with the development of graded 
crucibles. Such crucibles are compatible with the casting 
process in that the Integrity of the container is main 
tained at high temperature; however, during the cool down 
cycle the crucible fails, thereby leaving a crack free 
boule. Ingots as large as 3.3 kg have been cast using 
this approach. The controlled growth, heat flow and cool 
down cycle has yielded Si with a high degree of single 
crystallinity. Even when the seed melted out, very large 
grains formed. Solar cell samples made from cast material 
have yielded conversion efficiency of over 9% (AMI). 
Representative characterizations of Si grown has demon 
strated a dislocation density of less than 100/cm ? and a 
minority carrier diffusion length of 31 The source of Si 
carbide In Si ingots has been identified to be from graph 
1 te retainers in contact with silica cruclhles. Higher 
growth rates have been achieved with the use of a graphite 
plug at the bottom of the silica crucible. Excellent 
surface quality, l.e., surface smoothness and 35 jim 
surface damage, was achieved by multiple wire slicing with 
fixed diamond abrasive. Tungsten wire was the best core 
material tested because of its high strength, high Young's 
modulus, and resistance to hydrogen embrittlement. Diamond 
costs were reduced by impregnating diamonds only on the 
cutting areas of the wire. A lighter and longer blade 
carriage can be used for slicing with wire. This will 
allow the blade carriage to be reciprocated more rapidly 
to increase the surface speed. A projected add on cost 
calculation shows that these methods will yield si for 
solar cell application within ERDA/ JPL cost goals 


TITLE: Final Report. Si Sheet Growth by the Inverted 

Stepanov Technique 
AUTHOR: K.M. Kim 

CORPORATE AUTH: RCA Corp. 

DATE: June 1977 

REPORT NO: DOE -JPL 954465 7 7/2 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: The feasibility of growing Sl ribbons by the 

inverted ribbon growth process has been established using 
both nonwetting boron nitride dies as well as wetting 


TITLE: Final Report. Delayed Fracture of Si 

CORPORATE AUTH: The Regents of the University of 

California, Los Angeles 
AUTHOR: T.J. Chen and W.J. Knapp 

DATE: March 1978 

REPORT NO: DOE- JPL 954836 78/1 

AVAILABILITY: NTIS, PC A02/HF A01 

ABSTRACT: Bar specimens were cut from ingots of single 

crystal Si, and acid etched prior to testing. Artificial 
surface flaws were introduced in specimens by indentation 
with a knoop hardness tester. The specimens were loaded 
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In four-point bending to 95% of the nominal fracture 
■trea*. while keeping the surface area, containing the 
flaw, wet with test liquids. No evidence of delayed 
fracture, and, therefore stress corrosion, of single 
crystal Si was observed for liquid environments Including 
water, acetone and aqueous solutions of NaCl, NH^OH , and 
HNO 3 , when tested with a flaw parallel to a (110) 
surface. The fracture toughness was calculated to be 
K/ 1C = 0.591xl0 6 N/H 3/?. 

TITLE: Final Report. May 12, 1976 to August 11, 1977. 

Hot Forming of Si Sheet, Si Sheet Growth 

Development 

AUTHOR: C.D. Graham, Jr., P.D. Pope and S. Kulkarni 

CORPORATE AUTH: The Trustees of the University of 

Pennsylvania 

DATE: April 1978 

REPORT NO: DOE-JPL 954S06 78/1 

AVAILABILITY: NTIS, PC A04/HF A01 

ABSTRACT Results of an experimental program investigating 
the hot workability of poly textueryst alline Si are re- 
ported. Uniaxial stress strain curves are given for strain 
rates In the range of 10“ 5 to 10 1 " 1 and temperatures 
from 1100 to 1380°C. At the highest strain rates at 
1380°C axial strains in excess of 20% were easily obtain 
able without cracking; although special preparation of the 
compression platens allows strains in excess of 50%. After 
deformations of 36%, recrystal 1 izat Ion is completed within 
0.1 hr at 1380°C, When the recrystallization is com 
plete , there is still a small volume fraction of unrecry 
stall ized material which appears very stable and may de 
grade the electronic properties of the bulk material. 
Texture measurements show that the as produced vapor 
deposited polycrystalline rods have a ( 110 ) fiber axis 
changes to ( 111 ) and the direction parallel to the growth 
direction and no preferred orientation about this axis. 

Upon axial compression perpendicular to the growth direc 
tion the former ( 110 ) fiber axis changes to ( 111 ) and the 
compression axis becomes (110). Recrystallization changes 
the texture to ( 110 ) along the former fiber axis and ( 100 ) 
along the compression axis. 


TITLE: Final Report. Floating Substrate Process 

AUTHOR: H. Garfinkel and R.N. Hall 

CORPORATE AUTH: General Electric Co. 

DATE: June 1978 

REPORT NO: DOE-JPL 954350 78/3 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: Supercooling of Si Sn alloy melts was studied. 

Values as high as 78°C at UOO°C and 39°C at 1200°C 
were observed, corresponding to super s aturat l on parameter 
values 0.025 and 0.053 at 1050°C and 1150°C, respec- 
tively. The interaction of tin with silane gas streams 
was investigated over the temperature range 100 to 
1200°C. Single pass conversion efficiencies exceeding 
30% were obtained. The growth habit of spontaneously 
nucleated surface growth was determined to be consistent 
with dendritic and web growth from singly twinned tri- 
angular nuclei!. Surface growth of interlocking Si crys 
tals, thin enough to follow the surface of the liquid and 
with growth velocity ss high as 5 mm/min, was obtained. 
Large area 9 i ngle- c ry s t a 1 growth along the melt surface 
was not achieved. Small single crystal surface growth was 
obtained which did not propagate beyond a few millimeters. 


TITLE: Final Report Si Ribbon Growth by a Capillary 

Action Shaping Technique 
CORPORATE AUTH: IBM Corp. 

DATE: June 1978 

REPORT NO: DOE-JPL 954144 78/1 

AVAILABILITY: NTIS, PC A16/MF AOl 

ABSTRACT: Ribbon Si produced by CAST yields 11.9% solar 

cell efficiency. CAST ribbons up to 95mm wide and 0.3mm 
thick were produced. CAST technology single ribbon, 100mm 


wide ribbon, 0 . 3 mm thick, 3 . 8 m/h growth rate, solar cell 
efficiency 13% has the potential to meet a $50/m 
target. Thi* is baaed upon the availability of 810/kg 
polycrystalline SI. 

TITLE: Third Quarterly Progress Report. Development of 

Advanced Methods for Continuous Cz Growth 
AUTHOR: R.G. Wolfson, C.B. Sibley, and C.P. Chartler 

CORPORATE AUTH: Varlan Associates, Inc. 

DATE: July 1978 

REPORT NO: DOE-JPL 954884 78/3 

ABSTRACT: Six batch melt-repleni Bhment runs were per- 

formed. In the moat recent, five crystals were grown with 
a total throughput of 48 kg. In addition to its fltated 
purpose of developing the growth and recharge process for 
continuous Si production, this experimentation has served 
to prove completely both the concept of charging with gran- 
ular (viz., **n Iblet*’ ) feed and the design of the pellet- 
feeder/ * solat i on lock assembly. The design of the proto 
type Cz puller was begun on schedule. Layouts of all major 
components have been prepared, and detailing is currently 
In progress; bills of material for long- del i very items were 
released to manufacturing in June. Two critical components 
have already undergone advance trials: the recharging 

mechanism, which has been in use for four months, and the 
crystal lift mechanism, which has been bench-teated and is 
to be mounted on the laboratory Varian 2850 puller. Fur 
ther, the fabrication of the transducer/control assembly, 
the automation system, has been accelerated in order to 
permit testing end preliminary process development on the 
2850 furnace prior to the completion of the prototype 
puller. The SAM1CS analysis of ingot growth and watering 
has been completely revised and has been extended to 1986. 

TITLE: Final Report. Chemical Vapor Deposition Growth 

AUTHOR: R.P. Ruth 

CORPORATE AUTH: Rockwell International Corp- 

DATE: October 1978 

REPORT NO: DOE-JPL 954372- 78/6 

ABSTRACT: The technical objective was to investigate and 

develop CVD techniques for the growth of large areas of Si 
sheet on inexpensive substrate materials, with -esulting 
sheet properties suitable for fabricating solar cells that 
would meet the technical goals of the LSSA Project. Sev 
eral glasses were found that are compatible with CVD Si 
growth in an inert atmosphere in the 800- 900°C range, 
although a maximum In the Si deposition rate from SiH 4 
pyrolysis in He at about 850°C sets an upper limit on 
film growth rates. The polycrystalline Si films on glas 
ses showed strong preferred orientation parallel to ( 100 ) 
and, to a smaller degree, ( 110 ) planes, depending upon 
deposition temperature, film thickness, and the glass 
involved as substrate. Evidence was found of unidentified 
donor impurities entering the films, presumably from the 
glass substrates, to affect the electrical properties 
obtained and possibly set an upper limit on the available 
hole concentrations achievable in p type B doped polycry 
stalline films on these glasses. Low purity alumina and 
similar ceramics were found not suitable as substrates for 
growth of CVD Si of uniform quality. High purity aluminas 
permitted growth of polycrystalline CVD Si layers of con 
tro liable quality, highly preferred orientations, and 
grain sizes that scaled directly with the grain size in 
the substrate. Refired aluminas that has acquired large 
individual grains produced locally epitaxial Si grains of 
corresponding dimensions on those substrate grains that 
were favorably oriented crysta 1 1 ogr aph i c a 1 ly The aluminas 

are too costly to be considered for meeting the Project 
goals. Generally poor PV performance was exhibited by 
solar cells fabricated in CVD Si sheet grown by SlH 4 
pyrolysis directly onto substrates of aluminas, glasses, 
or even single crystal sapphire. V oc values up to about 
80% of those of single crystal Si control cells were ob 
tained, but J sc values only 40 to 70% of those of a 
control cell were obtained under simulated AMO illumina 
tlon. Depressed long wavelength response and other per 



formance factors indicated low minority carrier (electron) 
diffusion lengths were characteristics of the n/p cell 
structures made in this Si sheet material by the SiH 4 
process. Epitaxial p-type (B-doped) CVD Si sheet grown on 
single-crystal Si substrates by SlJjClp pyrolysis in 
H 2 at about 1075°C provided relatively good PV perfor 
mance in solar cell structures produced by P diffusion to 
form the p-n junctions. V QC values of about 560 mV, J gc 
values of about 22 mA cm?, curve fill factors of about 
0.7, and power efficiencies of 6-7*. were found in these 
cells. The presence of a p + layer below and adjoining a 
p-type (B-doped) CVD Si polycrystalline or epitaxial layer 
(on alumina or sapphire, respectively) enhanced the PV 
response of solar cell structures formed by P diffusion 
Into the p layer. A comparison of the PV response of 
P-dl f fused and P doped in situ grown nVp/p 4 solar 
cell structures about 20 ym thick on polycrystalline 
fine-grained St sheet, the two were about equal in the 
structures, for given doping concentrations in the p layer, 
tn all cases the epitaxial cells were much better than the 
po 1 yc ry a t a 1 1 i ne cells, mainly because of current collection 
effects and junction leakage current effects, and the 
large-grained polycrystalline cells were better than the 
fine grained cells. A comparison of diffused junction and 
depos i ted - j unct Ion n + /p/p 4 structutes in three differ- 
ent p layer thickness ranges on the same three classes of 
substrate showed a direct increase in PV response with 
player thickness for the epitaxial cells but less distinct 
differences for the polycrystal 1 i ne cells. 


TITLE: Final Report. Continuous Cz Process Development 

AUTHOR: S.N. Rea 

CORPORATE AUTH: Texas Instruments, Inc. 

DATE: February 1979 

REPORT NO: DOE-JPL 954887 79/5 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: A commercial Cz crystal growing furnace was con- 

verted to a continuous growth facility by installation of 
a small, in-sltu premelter with attendant Si storage and 
transport mechanisms. The premelter was situated immedi- 
ately over the primary melt and provided a molten Si flow 
into the large crucible simultaneously as crystal was being 
grown. The key element in this continuous Cz process is 
the premelter and a substantial portion of the program in 
volved Its evolution Into a workable design. The best 
arrangement tested was a vertical, cylindrical graphite 
heater containing a small fused quartz test tube liner 
from which the molten Si flowed out the bottom. Approxi 
mately 83 cm of nominal 5 cm dla crystal was grown with 
continuous melt addition furnished by the test tube pre 
melter. High perfection crystal was not obtained, however, 
due primarily to particulate contamination of the melt. 
Elimination of this oxide buildup will require extensive 
study and experimentation and the ultimate success of con 
tinuous Cz depends on a successful solution to this prob 
lem. Economic modeling of the continuous Cz process util- 
ized the IPEG option of SAM1CS. The influence of both 
crystal size and total furnace run size were examined. 
Results of these studies indicate that for 10 cm dia cry 
stal, 100-kg furnace runs of four or five crystals each 
are near optimal. Costs tend to asymptote at the 100 kg 
level so little additional cost improvement occurs at 
larger runs. For these conditions, crystal cost in equlv 
•lent wafer area of around $16/m 2 exclusive of polysili- 
con and slicing is obtained. Lower crystal costs can be 
obtained by growing large diameter crystals in the 12 to 
15- cm range. The outlook for achieving the overall 1986 
wafer cost goals is not optimistic because of high slicing 
coats. Continuous Cz can, however, meet the near-term 
cost goals for Si sheet material. 


TITLE: Quarterly Report. Laser Zone Growth in a RTR 

Process Si Sheet Growth Development 
AUTHOR: A. Baghdadi, et al. 

CORPORATE AUTH: Motorola, Inc. 

DATE: March 1979 

REPORT NO: DOE-JPL 954376 79/9 


ABSTRACT: Appreciable progress has been witnessed In 

achieving high efficiency on RTR solar cells, with an 
average efficiency of 9.1% on the most recent lot. The 
best cell to date has a measured efficiency of 11.3%. a 
new technique for growing limited length ribbons con- 
tinually has been demonstrated. This "Rigid Edge" 
technique can be used to recrystallize about 95% of the 
polyribbon feedstock. A major advantage of this method is 
that only a single, constant length Si ribbon is handled 
throughout the entire process sequence; this may be accom 
pllshed using cassettes similar to those presently in use 
for processing Cz wafers. Thus a transition from Cz to 
ribbon technology can be smoothly affected. The maximum 
size being considered, 3" x 24", is 1/2 ft 2 , and will 
generate 6 W for 12% efficiency at 1 sun. Si dioxide has 
been demonstrated as an effective, practical diffusion bar- 
rier for use during the polyribbon formation. Two differ- 
ent approaches for using the Si dioxide are being pursued. 


TITLE: Final Report. Development of Mulllte Substrates 

and Containers 

CORPORATE AUTH: Coors Porcelain Co. 

DATE: April 1979 

REPORT NO: DOE-JPL 954878 79/5 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: The objective of this program was to evaluate 

mullite in contact with molten Si to be used as a substrate 
for Honeywell's SOC process and as a container for melting 
solar grade Si. A further requirement was to fabricate 
respective substrates and containers. To maintain solar 
grade Si purity levels, the mullite must generally intro 
duce less than 10 15 atoms/cc of impurities. To evaluate 
the mullite-molten Si interaction, a series of bodies were 
made with variations in density, alumina s i 1 ica ratio and 
glass-crystalline ratio. These materials were tested in a 
sessile drop technique. None of the variations stood up 
to extended exposure to molten Si sufficiently to be reeom 
mended as a container material. However, directional 
solidification experiments by JPL suggest that, under 
proper conditions, contamination of the Si by mullite 
containers can be minimized. To improve an already good 
thermal expansion match between mullite and Si, composl 
tional variations were studied. Altering of the alumina 
silica ratio was determined to give a continuously varying 
thermal expansion. Thus, a composition can be selected to 
give the desired thermal expansion match with Si. Concur 
rent to this work, a standard mullite composition was 
selected to be used for fabrication development. The major 
fabrication development requirements were to make sub 
strates 40 x 4 x .040 In. and slotted substrates. Fabrics 
tlon of standard mullite composition substrates, nominally 
40 x 4 x .040 in., have been made and delivered to Honey 
well. Slotted substrates of various configurations and 
various compositions are regularly being supplied to 
Honeywell . 


TITLE: Final Report. Development and Evaluation of Die 

and Container Materials 
AUTHOR: R.R. Wills and D.E. Niesz 

CORPORATE AUTH: Battelle Memorial Institute, 

Columbus Laboratories 

DATE: May 1979 

REPORT NO: DOE-JPL 954876 79/6 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: Specific compositions of high purity Si alumi- 

num oxynitride (Sialon) and Si beryllium oxynitride 
(Sibeon) solid solutions are shown to be promising refrac- 
tory materials for handling and manipulating solar grade 
Si into Si ribbon. Well controlled processing schedules 
were developed for fabricating high purity Sialon and 
Sibeon materials. Essentially the impurity content of the 
hot pressed ceramics was due only to impurities from the 
origins! starting powders. A ceramic shaping die was sue 
cessfully formed by diamond machining of a hot pressed 
blank. Projected manufacturing cost estimate for 10 5 dies/yr 
is $5. 40/die. Evaluation of the interaction of these 
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materials In contact with molten Si indicates that solid 
solutions baaed upon beta-Si^N^ are more stable than 
those based on Si 2 N 2 0. Sibeon is more resistant to 
molten Si attack than Sialon, and both materials should 
preferably be used in an inert atmosphere rather than under 
vacuum conditions. This is because removal of oxygen from 
the Si melt in the form of SiO enhances the dissolution of 
aluminum and beryllium. The wetting angles of these mater 
lals are low enough (37° for x =0.75 beta' Sialon and 
49° for x = 0.35 Sibeon) for these materials to be con- 
sidered as both die and container materials. 


TITLE: Final Report. X-Ray Measurements of Stresses and 

Defects in EFG and Large Grained Polycryatalline 
Si Ribbons 

AUTHOR: C.N.J. Wagner 

CORPORATE AUTH: The Regents of the University of 

California, Los Angeles 
DATE: August 1979 

REPORT NO: DOE-JPL 954851 79/2 

AVAILABILITY: NTIS , PC A02/MF A01 

ABSTRACT: The Bond method has been employed to measure 

the lattice parameter a In the area of 0.4 mm in diameter 
of EFG Si ribbons to an accuracy of + 0.00008 A. A Bond 
goniometer was built which included a gonlostat with a 
special specimen holder to mount ribbons 1 m in length and 
75 irae in width which could be rotated about two orthogonal 
axes, and a Leitz microscope for precision alignment of a 
particular area into the center of the gonlostat and the 
small primary x-ray beam. The (321) planes were found to 
be parallel to the surface of the ribbons with an angular 
spread of about 15°. The poles of the (111) planes 
clustered about an angle of 20° away from the surface 
normal, again with a spread of 10°. The lattice param 
eter of a small piece of ribbon material was found to be 
a 0 = 5.43075 A. Converting the observed strain (a-a Q /a 0 ) 
into the sum of the principal surface stresses °1 + °2 
assuming that the tilt angles of less than 15° can be 
neglected yielded values of °1 4 °2 which were zero 
within the accuracy of our measurements of + 10 MPa, but a 
maximum stress of 115 MPa was observed in a fractured rib 
bon which corresponded to the fracture stress of single 
crystals of Si . 


TITLE: Final Report. Web Dendritic Growth 

AUTHOR: R.8. Hilborn, Jr., J.W. Faust, Jr., and C. Rhodes 

CORPORATE AUTH: University of South Carolina 

DATE: August 1979 

REPORT NO: DOE-JPL 954344 78/1 

AVAILABILITY: NTIS, PC A09/MF A01 

ABSTRACT: This final report gives the results of work per 

formed by the University of South Carolina to develop 
methods of producing large areas of Si ribbon by the 
web dendritic method. A prototype web dendritic growth 
machine, on hand at the beginning of the contract, was 
assembled and activated. A program for investigating the 
role of the various machine design parameters on the con 
tract. The development of the machine proceeded to the 
point where ribbons could be reproducibly grown to the 
lengths of 1 meter, with widths increasing linearly from a 
minimum, at the initiating seed button, up to 1 cm at the 
point of termination of growth. Considerable thermal dal-a 
was collected and evaluations were made of actual seeding 
and growth for variations in a large number of parameters 
affecting heat loss. From this we found for achieving 
suitable growth that the mechanical system should be very 
rigid and stable, and the tolerances and specifications of 
the quartz crucibles must be far tighter than normal quart 
tolerances. The widening rates of the ribbons were found 
to be a function of the temperature gradient rather than 
the temperature differences alone. A twin spacing in the 
seed of 3 2 was found to be unfavorable for growth; 

whereas spacing of .9-2 and 8 2 were favorable. It 

was found, however, that the spacing of 8 - 2 sets an 
upper limit of 4 cm/min on the maximum achievable rate. 
Extensive thermal modeling studies were carried out to in 


vestigate the effect of furnace design parameters on the 
temperature distributions in melt and the growth of the 
dendritic web ribbon. From this study it was found that 
the pull rate of the ribbon is strongly dependent on the 
temperature of the top thermal shield, the spacing between 
this shield and the melt, and the thickness of the growing 
web . 

TITLE: Final Report. Epitaxial Si Growth for Solar Cells 

AUTHOR: R.V. D'Aiello, F.H. Robinson, and D. Richman 

CORPORATE AUTH: RCA Corp. 

DATE: September 1979 

REPORT NO: DOE JPL 954817 79/4 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: The objectives of this contract were: (1) to de- 

termine the feasibility of Si epitaxial growth on low cost 
Si substrates for the development of Si sheet capable of 
producing low cost , high-efficiency solar cells, (2) to 
achieve a goal of 12% (AM-0) efficient solar cells fabri- 
cated on thin epitaxial layers grown on low-cost substrates 
and (3) to evaluate the add-on cost for the epitaxial pro 
cess and to develop low cost epitaxial growth procedures 
for application in conjunction with low cost Si substrates. 
The basic epitaxial procedures and solar cell fabrication 
and evaluation techniques are described, followed by a 
discussion of the development of baseline epitaxial solar 
cell structures, grown on high quality conventional Si sub- 
strates. A description of the crystallographic properties 
of such layers and the performance of epitaxially grown 
solar cells fabricated on these materials is given The 
major conclusions drawn from this work and recommendations 
for the further development needed to achieve the ultimate 
cost goals are given. 


TITLE: Final Report. Vltre Graf Coating on Hullite 

AUTHOR: R.C. Rossi 

CORPORATE AUTH: Tylan Corp. 

DATE: September 1979 

REPORT NO: DOE JPL 954896-79/1 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: A technical and economic evaluation was made of 

a proprietary glass-like carbon glaze coating applied to 
mulllte and graphite to be used either in thin film Si 
manufacture or in container ware applications. Preliminary 
evaluations had indicated that the glassy carbon coating 
reacts with molten Si to form a Si carbide reaction layer 
that may serve as a diffusion barrier to prevent Si reac 
tion with the substrate material. The technical evaluation 
consisted of manufacturing test samples by varying mater- 
ials and processing parameters in conformance with a pre 
selected matrix. Various tests, primarily coating appear 
ance, adherence and Si reaction behavior was observed as a 
function of the test parameter variation. The results of 
these tests indicated that most graphite and carbonaceous 
materials used as substrates will produce a visually 
acceptable coating having excellent adherence over a wide 
range of processing parameters. However, no set of param 
eters produced a coating that could withstand the chemical 
attack from molten Si and prevent reaction with a graphite 
substrate. The primary consideration of graphite sub 
strates was in container ware applications requiring long 
time molten Si exposure. The conclusion of this study sug 
gested that the glassy carbon coating might provide protec 
tion for time periods of 30 min or leas, and therefore was 
not suitable for the intended application. The results of 
standard ceramic formulation indicated that a performance 
optimization did take place for the application of manufac 
taring Si film solar arrays. When these optimized param 
eters were tested on type K mulllte developed specifically 
for the intended application it was found that performance 
was generally insensitive to processing parameters and the 
selected parameters were then cost optimized. The economic 
analysts generated a process based on the selected param 
eter for coating glassy carbon onto newly developed mulllte 
substrate material. By using the interim standard price 
estimating equation a projected cost of $1.30/m^ was cal 


36 



cu l*t®d baaed on 1975 dollars. If further development of 
the type R mullite could eliminate the requirement for HF 
etch preparation of the substrate surface, a unit cost of 
$1.05/m z is calculated on 1979 dollars. Additionally, if 
normal advance in the Vltre Graf technology is assumed, a 
unit cost of $0.85/ra ? is projected on the 1975 | basis. 


TITLE: Pinal Report. Slicing of Si Into Sheet Material 

CORPORATE AUTH: Varian Associate®, Inc. 

DATE: September 1979 

REPORT NO: DOE-JPL 954374-79/10 

AVAILABILITY: NTIS, PC A24/MF A01 

ABSTRACT: Complete results, from raw data to interpreta- 

tion to recosanendat ions , of a program to investigate the 
use of multiblade slurry sawing to produce Si wafers from 
Ingots are presented in this report. During the course of 
this program, the commercially available state-of-the-art 
process was Improved by 20% In terms of area of Si wafers 
produced from an ingot. The process was improved 34% on 
an experimental basis. Production of 20 wafers per centi- 
meter length of 100 mm dla ingot is now possible on a pro- 
duction basis. Economic analyses presented show that 
further improvements are necessary to approach the desired 
wafer costs, mostly reduction in expendable materials 
costs. Tests which indicate that such reduction is pos- 
sible are included, although demonstration of such reduc- 
tion was not completed. A new, large capacity saw wag 
designed and tested. Performance comparable with current 
equipment (in terms of number of wafers/cm) was demon 
strated. Improved performance was partially demonstrated, 
but problems (both mechanical and of unknown origin) pre 
eluded full demonstration of improved performance. 


TITLE: Final Report. Study Program to Develop and 

Evaluate Die and Container Materials for the 
Growth of Si Ribbons 

AUTHOR: P.E. Grayson and L . A . Addington 

CORPORATE AUTH: Eagle-Plcher Industries, Inc. 

DATE: December 1979 

REPORT NO: DOE-JPL 954877-79/6 

ABSTRACT: The Large Area Si Sheet Growth Task objective 

of lowering the cost of Si PV material requires the devel- 
opment of materials which exhibit improved chemical and 
dimensional stability in contact with molten Si. These 
materials may find application as containers and/or shap 
ing dies in processes such as edge defined film growth. 
This paper describes the development and evaluation of 
proprietary coatlnga of pure Si carbide, Si nitride and 
aluminum nitride on less pure hot pressed substrates of 
the respective ceramic materials Si sessllle drop experi 
ments were performed on coated test specimens under con 
trolled oxygen partial pressures. X-ray diffraction and 
SEN characterized after testing with optical and scanning 
electron microscopy and Auger electron spectroscopy In- 
creasing the oxygen partial pressure was found to increase 
the solid-vapor interfaclal free energy. Adsorbed oxygen 
was also found to increase the degree of attack of molten 
Si upon the chemical vapor deposited coatings. Prototypic 
containers and dies were delivered and cost projections 
show that reasonably priced, coated, molten Si resistant 
refractory material shapes are obtainable. 


TITLE: Final Report. Development and Evaluation of Die 

Materials for Use in the Growth of Si Ribbons By 
the Inverted Ribbon Growth Process-Task II 
AUTHOR: M.T. Duffy 

CORPORATE AUTH: RCA Corp. 

DATE: December 1979 

REPORT NO: DOE JPL 954901 79/6 

AVAILABILITY: NTIS, PC A04/MF AOl 

ABSTRACT: Amorphous CVD layers of Si nitride ond Si oxy 

nitride are prepared by CVD layers are converted to a- and 
B-S1 3 N 4 with a low B-S1 3 N 4 content. The a- phase 
is then slowly converted to the B phase accompanied by 


simultaneous decompos 1 ton . By contrast, Si oiynltrlde 
(SiOxNy) layers ere converted predominantly to B-Si 3 N^ 
with a low a-Sl 3 N 4 content. In this process, oxygen 
is evolved, end there la no evidence for the existence of 
an oxynitride phase in the resulting layers. The analysis 
also indicates that B-Sl 3 N^ is much more resistant to 
chemical attack by molten Si than a Si 3 N 4 . Conse- 
quently, CVD Si nitride coatings are useful for shorter 
exposure times. Crystallographic analysis of si ribbon 
test specimens, grown from CVD-coated vitreous carbon dies, 
indicates that Si carbide inclusions are not present in 
the ribbon samples. The results of infrared analysis also 
show that the carbon content of the Si ribbons is below 
detection level and lower than in the Cz seed material. 


TITLE: Final Report. Si Sheet Growth Development 

AUTHOR: C.M. Johnson 

CORPORATE AUTH: Kayex Corp. 

DATE: March 1980 

REPORT NO: DOE-JPL 954888 80/12 

ABSTRACT: Tha production of low-cost Si capable of being 

processed into solar cells yielding efficiencies of 14% AMI 
is an essential requirement of the LSA Project. Kayex has 
developed a process for Cz-type crystal growth that signif- 
icantly reduces the major cost item (other than the Si it- 
self) involved in state of the art Cz growth the quartz 
crucible. The new technology generated under this contract 
can decrease the add-on cost for Si production from at 
least $51/kg (present state of the art) to $16. 14/kg (Cz 
#3). This translates Into an add on cost of $0.25/pk watt 
if the JPL/DOE goal of $14/kg is assumed for the polysili- 
con material used for the growth of crystal ingots. Con- 
clusions and technology status are reported for both phases 
of the contract which had the following objectives: The 

growth of 100 kg of Si single crystal material of 10 cm in 
dla or greater, utilizing one common Si container material 
(one crucible). The growth of 150 kg of Si single crystal 
material of fifteen (15) cm in dia, utilizing one common 
Si container material (one crucible). The objectives of 
the project included: (a) Developing a new technology 

concept that would allow a Hamco CG2000 crystal grower to 
be recharged with a new supply of polysilicon material 
while still under vacuum and at temperatures above the 
melting point of Si. (b) Modifying l he Hamco CG2000 
crystal grower to: (1> accept large polysilicon charges 
(up to 30 kg, (2) grow large crystal ingots (to 15 cm dla 
and 25 kg in weight), and (3) hold polysilicon material 
for recharging (rod or lump) while, at the same time, 
growing crystal ingots. (e) Designing special equipment 
to: (1) recharge polysilicon rods, (?) recharge poly- 
silicon lumps, and (3) handle and store large, hot Si 
crystal ingots. (d) Developing a new process and pro 
cedure for growing Si crystal ingots and recharging poly 
silicon material without contaminating the furnace or 
breaking the Si container material (crucible). 


TITLE: Final Report. Quantitative Analysis of Defects 

in Si 

AUTHOR: R. Natesh 

CORPORATE AUTH: Materials Research, Inc. 

DATE: April 1980 

REPORT NO: DOE-JPL 954977-79/6 

AVAILABILITY: NTIS, PC A05/MF AOl 

ABSTRACT: The analyses of one hundred and seventy four Si 

sheet samples, about 1200 square centimeters, for twin 
boundary density, dislocation pit density, and grain 
boundary length has been accomplished. One hundred and 
thirty three of these samples were manufactured by Mobil 
Tyco, thirty two by Motorola, seven by IBM, one by Honey- 
well, and one by Wacker. Procedures have been developed 
for the quantitative analyses of the twin boundary and 
dislocation pit densities using the QTM 720 Quantitative 
Image Analyzing System. The QTM 720 system has been up 
graded with the addition of a PDP U/03 computer with dual 
floppy disc drive, a Digital Equipment Writer (111) high 
speed printer, and a Field-Image Feature Interface Module. 
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These changes have greatly enhanced the speed and reliabil- 
ity of the QTM-720 System as well as improving the data 
storage and printout capability. Three versions of a com- 
puter program that controls the data acquisition and anal- 
ysis on the QTM-720 have been written. Procedures for the 
chemical polishing and etching of Mobil Tyco, Motorola, 

IBM, and Wacker samples have been developed. This report 
describes the complete procedures for the effect analysis 
of Si samples using a QTH-720 Image Analyzing System, and 
includes chemical polishing, etching, and ATM operation. 

The data from one hundred and seventy four samples, and a 
discussion of the data is also included herein. In addi- 
tion to the above work, comparisons of the capabilities of 
a variety of powerful analytical techniques in analyzing 
impurities from four different Si matrix was performed. 

The Si matrix analyzed were Mobil Tyco (EFG-RH and EFG-RF) , 
Honeywell (SOC>, and Motorola ( RTR) . The techniques used 
were: neutron activation analysis, spark source mass 

spectrometry, ion scanning Bpect rometry , secondary ion 
mass spectrometry, scanning auger microanalysis, electron 
spectroscopy for chemical analysis, ion microprobe mass 
spectroscopy, and optical microscopy. 

TITLE: Final Report. Development of Methods of Producing 

Large Areas of Si Sheet by the Slicing of Si 
Ingots Using ID Saws 
AUTHOR: P. Aharonyan 

CORPORATE AUTH: Silicon Technology Corp. 

DATE: April 1980 

REPORT NO: DOE-JPL 955131-81/2 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: ID. wafering equipment, blades and processes 

were used to develop methods for producing large areas of 
Si sheet. Modifications to a 16 in. STC automated saw 
included: 1 ) programmable feed system; 2 ) crystal rotat- 

ing system and 3) STC Dyna-Track Blade monitoring and con- 
trol system. By controlling the plating operation and by 
grinding of the cutting edge, we were able to produce 
16 in. ID blades with a cutting edge thickness of .22 mm. 
Crystal rotation mechanism was used to slice 100 mm dla 
crystals with a 16 inch blade down to a thickness of 
.20 twn . Cutting rates with crystal rotation were gener- 
ally slower than with standard plunge ID slicing tech- 
niques. Using programmed feeds and programmed rotation, 
maximum cutting rates were from 0.3 to 1.0 in. /min. 


TITLE: Final Report. Effects of Varying Oxygen Partial 

Pressure on Molten Si - Ceramic Substrate 
Interactions 

AUTHOR: P.D. Ownby, et ai. 

CORPORATE AUTH: The Curators of the University of 

Missouri 

DATE: April 1980 

REPORT NO: DOE-JPL 955415-2 

AVAILABILITY: NTIS, PC A03/HF A01 

ABSTRACT: The objective of this program was to investi- 

gate the interaction of molten Si with various die and 
container candidate materials under varying oxygen partial 
pressures. This has been done by making Si sessile drop 
contact angle measurements on the candidate materials to 
determine the degree to which Si wets these substances, 
and subsequently sectioning the post-sessile drop experi- 
ment samples and taking photomicrographs of the Si-sub- 
strate interface to observe the degree of surface dis- 
solution and degradation. 

TITLE: Final Report. Si Solar Cell Fabrication Technology 

AUTHOR: O.M. Stafsudd 

CORPORATE AUTH: The Regents of the University of 

California, Los Angeles 

DATE: May 1980 

REPORT NO: DOE-JPL 954902-80/6 

ABSTRACT: The initial program was to assist JPL in the 

building and expansion of their laboratory and device fab- 


rication facilities. This work consisted of device fabri- 
cation which was composed of the following processing pro- 
cedures: (a) low temperature POCI 3 diffusions, (b) met- 

allization of back and front ohmic contacts, (c) mask 
design and fabrication, and <d) sintering in inert and 
H 2 atmospheres. These processing steps were varied in 
accordance with JPL’s instructions. The device evaluation 
was performed at UCLA, and JPL. The results of these mea- 
surements were correlated, and they included such tests as: 
a) dark current vs. voltage and log I vs. voltage, b) light 
current vs. voltage at AMI and AMO, c) capacitance vs. 
voltage, and d) spectral response. The measurements were 
then interpolated and reduced to determine the material 
properties such as minority carrier lifetimes (t n ) and 
diffusion lengths (L n ) . The diffusion length determina- 
tion was accomplished by spectral response measurements at 
UCLA. Similar measurements of various devices were done 
by SPV at JPL. 


TITLE: Final Report. Slicing of Single Crystal and 

Polycrystalline Si Ingots Using Multi-Blade Saws 
AUTHOR: J.B. Ross 

CORPORATE AUTH: Norlin Industries, Inc. (P.R. Hoffman Co.) 

DATE: May 1980 

REPORT NO: DOE-JPL 955563-80/1 

ABSTRACT: This contract was issued by JPL to serve pri- 

marily as a feasibility study during which the capabilities 
of P.R. Hoffman Co., Division of Norlin Industries, Inc., 
could be evaluated with regard to our ability to satisfac- 
torily provide the research and development effort which 
would lead to optimization of the MBS wafering technique 
as a contribution to the realization of the Project goals. 

In addition to making several wafering runs, we were to 
provide sufficient data necessary for a complete cost 
analysis of each of the three types of saws utilized. 

TITLE: Quarterly Report. Continuous Liquid Feed Cz Growth 

CORPORATE AUTH: Siltec Corp. 

DATE: June 1980 

REPORT NO: DOE-JPL 954886-80/11 

ABSTRACT: The purpose of this phase of the continuous 

liquid feed program Is the design and development of equip 
ment and processes in order to ultimately demonstrate the 
continuous growth of crystals, by the use of the Cz method, 
suitable for producing monocrystalline Si for use in solar 
cells. This involves the growth of at least 150 kg mono- 
crystalline Si ingots, 150 mm in dia, obtained from a 
single growth container. Our approach to meeting this 
goal is to develop a furnace with continuous liquid replen- 
ishment to the growth crucible. Demonstrations using the 
Si polyrod feed mechanism continued this quarter providing 
continuous melt replenishment to the meltdown chamber, sub- 
sequent transfer of this melt, and the simultaneous growth 
cf Si ingots in the growth chamber. The frame to the CLF 
furnace was extended in order to accommodate 50 kg crystal 
ingots above the gate valve, hence enabling us to accom- 
plish our goal of 150 kg throughput. Development work 
continued on various aspects of the melt transfer system. 

TITLE: Final Report. Low Cost Cz Crystal Growing 

Technology Near Term Implementation of the Flat- 
Plate PV Cost Reduction 
CORPORATE AUTH: Kayex Corp. 

DATE: September 1980 

REPORT NO: DOE-JPL 955270-80/6 

ABSTRACT: One of the primary requirements of the DOE/JPL 

Si Sheet Task is to develop a process capable of producing 
low-cost Si. This Si must be capable of being processed 
into solar cells which will yield a solar cell efficiency 
of 147. AMI. The technology generated under this contract 
was aimed at developing process improvement concepts for 
lowering the costs of the meltdown and crystal growth 
functions. A program aimed at improving process auto- 
mation for increased yield and reduced labor requirement 
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also undertaken. The development of the various 
equipment designs that enable high volume, continuous Cz 
production to be achieved should be directly transferable 
to industry. The objectives of the process technology 
phase vas to develop and demonstrate continuous Cz crystal 
growth. Continuous Cz growth was defined as a throughput 
of 150 kg of Si crystals of 15 cm dia, utilizing one common 
crucible with melt replenishment. The conclusions and 
technology status of the contract as applicable to the 
objectives of the contract are reported. Cost projections 
and actual cost achievements have been developed using 
SAMICS / I PEG formula and are also reported. No investiga- 
tion and evaluation of the variations of the effects of 
the physical form of Si feed material on the crystal 
growth process and impurity build up in the ultimate 
crystal produced was undertaken. 


TITLE: Final Report. EBIC/TEN Investigations of Defects 

In Solar Si Ribbon Materials 
AUTHOR: D.G. Ast 

CORPORATE AUTH: Cornell University 

DATE: January 1981 

REPORT NO: DOE-JPL 954852 81/4 

ABSTRACT: Many of the growth methods which produce Si 

material for the fabrication of inexpensive solar cells 
yield material which contains a relative high density of 
structural defects, such as grain boundaries, twin bound 
aries and dislocations. Because such defects will, in 
general, reduce the efficiency of a solar cell, there is a 
technological incentive to study the formation and struc 
ture of such defects, and their influence on the minority 
carrier lifetime. This report discusses the applications 
of TEM and EBIC to the study of crystalline defects. 


TITLE: Quarterly Report. Si Ingot Casting Heat Exchanger 

Method Multi-Wire Slicing Fixed Abra s ive Slicing 
Technique - Phase IV 
AUTHOR: F. Schmid and C.P. Khattak 

CORPORATE AUTH: Crystal Systems, Inc. 

DATE: February 1981 

REPORT NO: DOE-JPL 954373 80/16 

ABSTRACT: The crystallinity of large size ingots has been 

studied as a function of the heat flow conditions at the 
bottom of the ingot. The size of the ingot has an impor- 
tant effect on crystallinity. The breakdown in crystal- 
linity across the bottom has been resolved to an area in 
the vicinity of the melted back seed. Generally, homo 
geneous resistivity distribution has been achieved all 
over the ingot. Electroplating of diamonds on one side of 
the wirepack has an important effect on slicing perform 
ance. However, diamond electroplating must be carefully 
controlled to have a good seat in the grooved rollers. An 
in house electroplating facility is now operational. Good 
performance was achieved with the initial in-house electro- 
plated wirepacks. Projected add-on cost of HEM ingot cast- 
ing process has been carried out using IPEG analysis. The 
value that was obtained is $8.65/m ? well below the allo- 
cation of $18.15/m ? to m^et the 1986 goal. 


TITLE: Final Report. Si-on Ceramic Process. Si Sheet 

Growth and Device Development 
AUTHOR: B.L. Grung, J.D. Heaps, et al. 

CORPORATE AUTH: Honeywell, Inc. 

DATE: March 1981 

REPORT NO: DOE-JPL 954356-80/15 

AVAILABILITY: NTIS, PC All/MF A01 

ABSTRACT: The objective of this R&D program was to Inves- 

tigate the technical feasibility of producing solar-cell- 
quality sheet Si to meet the DOE 1986 overall price goal 
of $0 . 70/S . With the SOC approach, a low-cost ceramic sub- 
strate is coated with large grain polycrystalline Si by 
unidirectional solidification of molten Si. This R&D 
effort was divided Into several areas of investigation in 
order to most efficiently meet the goals of the program. 


These areas Include: 1) dip-coating; 2) continuous 

coating-designated SCIM- coat Ing ; 3) material characteriza- 
tion; 4) cell fabrication and evaluation; and 5) theo- 
retical analysis. 


TITLE: Final Report. Si Solar Cell Process Development/ 

Fabric at lon/Analys i s 
AUTHOR: J.A. Minahan 

CORPORATE AUTH: Spectrolab, Inc. 

DATE: March 1981 

REPORT NO: DOE-JPL 955055-81/6 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: Solar cells have been fabricated from unconven- 

tional Si materials in the second and final phase of the 
contract. In the most recent period of work, EFG , web, 

HEM, end continuous Cz Si materials were fabricated into 
solar cells, measured and analyzed. Current- voltage 
measurements under AMI conditions, in addition to those 
under AMO conditions, were introduced in Phase II. Several 
low-cost fabrication steps were included in that phase. 

Both Hem and Continuous Cz Si were found to be superior to 
that which had been provided in Phase I. Correlation 
between quality of starting materials and cell conversion 
efficiency was observed for Hem grown Si. Correlation 
between position in the crystal growth sequence and cell 
quality was observed for continuous Cz . 


TITLE: Final Report. Si Web Process Development 

AUTHOR: C.S. Duncan, R.G. Seidenst i cker , et al . 

CORPORATE AUTH: Westlnghouse Electric Corp. 

DATE: October 1981 

REPORT NO: DOE-JPL 954654 80/13 

AVAILABILITY: NTIS, PC A08/MF A01 

ABSTRACT: Si dendritic web is a single crystal Si ribbon 

material with unique advantages for the manufacture of low 
cost solar cells. Shaped by the interplay of natural 
crystallographic and surface tension forces, rather than 
by potentially contaminating dies, the web produces solar 
cells with excellent conversion efficiency. For example, 
the maximum demonstrated AMI efficiency, 15.5%, is so far 
the highest value reported for a ribbon material. The web 
process also conserves expensive Si. Because impurities 
are rejected from the ribbon during crystal growth, it is 
feasible to use cheaper, less pure "solar** grades of Si as 
feedstock for the web process. Moreover, long flexible 
web strips facilitate automation of both crystal growth 
and the subsequent cell-manufacturing operations. Taken 
together, these characteristics have made the web process 
a leading candidate to achieve or better the 1986 Project 
cost objectives of 70</V p (1980 t) of PV output power. 


TITLE: Final Report. Enhanced ID Slicing Technology for 

Si Ingots. 

CORPORATE AUTH: Si 1 tec Corp. 

DATE: December 1981 

REPORT NO: DOE-JPL 955282-81/8 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: To bring ID slicing technology to a higher per- 

formance level by demonstrating a significant increase in 
the number of usable slices per centimeter over industry 
practice through the reduction of both blade and slice 
thickness, a combination of three key technologies was 
investigated: ingot rotation with minimum exposed blade 

area, dynamic cutting edge control, and the use of pre- 
fabicated blade inserts. Prefabricated blade inserts 
promise great potential for increasing the blade lifetime 
while decreasing kerf. Results have been encouraging, 
however, more fundamental work in the materials area of 
the bond is required before these blades become an effec 
tlve production tool. An alternative solution of etched 
core construction permitted low kerf slicing, but further 
refinement for greater lifetime is necessary. Economic 
modeling of the enhanced ID slicing process utilized the 
IPEG It option of SAMICS. A comparison of slicing with 
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ingot rotation and plunge cutting has shown that simul- 
taneous multiple ingot feed will improve the present cost 
picture of ID slicing significantly. 

TITLE: Final Report. Analysis of Defect Structure In Si 

AUTHOR: R. Natesh, M. Mena , et al . 

CORPORATE AUTH: Materials Research, Inc. 

DATE: April 1982 

REPORT NO: DOE-JPL 955676 1 

ABSTRACT: The analyses of one hundred and ninety three 

(193) Si sheet samples, approximately 880 cm 2 , for twin 
boundary density, dislocation pit density, precipitate 
density, and grain boundary length has been accomplished 
in the past contract period. One hundred and fifteen 
(115) of these samples were manufactured by Crystal 
Systems, Inc., uaing their HEM, thirty eight (38) by Mobil 
Tyco using EFG , twenty three (?3) by Honeywell using the 
SOC process, and ten (10) by Westinghouse using the 
Dendritic Web process. Seven (7) solar cells were also 
step etched to determine the Internal defect distribution 
on these samples. Procedures have been developed for the 
quantitative characterization of structural defects such 
as dislocation pits, precipitates, twin & grain boundaries 
using a QTM 720 Quantitative Image Analyzing System inter 
faced with a PDP 11/03 mini computer. These procedures 
were routinely applied to all the samples. Characterize 
t ion of the grain boundary length per unit area for poly 
crystalline samples was done by using the intercept method 
on an Olympus HBM Microscope This report describes the 
steps involved in the characterization of structural de 
fects in the various types of solar cell materials anal 
yzed. A summary ot results as well ns discussions of the 
data are also presented. 


TITLE: Final Report. October 1980 to April 1982. 

Continuous Cz Growth Development of Advanced Cz 
Growth Process to Produce Low Cost 150 kg Si Ingots 
From A Single Crucible for Technology Readiness 
AUTHOR: R.L. Lane 

CORPORATE AUTH: Kaye* Corp. 

DATE: April 1982 

REPORT NO: DOE- JPL 955733/6 

ABSTRACT: The goals of this contract were: to design and 

construct a crystal grower capable of producing 150 kg of 
Si crystal from one crucible (5 x 30 kg Ingots); to aceel 
erate recharge and growth rate; microprocessor controls 
with improved sensors; after growth yields of 901, and 
throughput of 2.5 kg/h. Subsequently, a Technical Direc 
tion Memorandum was issued which placed emphasis on: 

(1) the improvement of growth rates using radiation 
shielding, and (2) investigation of the crucible melt 
interaction for improved yields Growth runs were 
performed from both 15 and 16-in. dia crucibles, producing 
30 and 37 kg ingots, respectively. Efforts to increase 
the growth rate of 150 mm dia ingots were limited by 
temperature instabilities believed to be caused by 
undesirable thermal convections in the larger melts. The 
radiation shield improved the growth rate somewhat, but 
the thermal instability was still evident, leading to 
non round Ingots and loss of d i slocat ion- f ree structure. 

A 38 kg crystal was grown to demonstrate the feasibility 
of producing 150 kg with four growth cycles. After the 
grower construction phase, the Hamco microprocessor 
control system was interfaced to the JPL growth facility. 
This included the sensor for automatic control of seeding 
temperature, and the sensor for automatic shouldering. 
Efforts focused upon optimization of the seeding, necking, 
and shoulder growth automation programs Demonstration of 
these three crystal growth areas was accomplished with 150 
inn dia ingots and melts up to 40 kg A laser beam 
reflection system for melt level sensing was installed on 
the grower and shown to function acceptably, although it 
was not interfaced with the microprocessor. A gas 
analysis system was designed, built, and operated as a 
part of the analytical program of this contract. Analyses 
of the crystal grower exhaust gas for CO, H ? 0, and H 2 


gas were performed on several crystal growth runs. Very 
high levels of CO accompany overheating of the crucible/ 
melt, suggesting melt down procedures should be controlled 
more closely to prevent excessive dissolution of the cru 
cible. Graphite bakeout procedures have been improved by 
measuring CO and H 2 during the bakeout process to deter- 
mine when graphite parts are sufficiently out gassed. 

TITLE: Final Report. Large Area Si Sheet by EFG, October 

29, 1975 to December 31, 1981 
AUTHOR: J.P. kalejs 

CORPORATE AUTH: Mobil Solar Energy Corp. 

(Mobil Tyco Solar Energy Corp.) 

DATE: September 15, 1982 

REPORT NO: DOE JPL 954355-81/21 

AVAILABILITY: NTIS, PC A05/MF A01 ; 1 

ABSTRACT: The objective of this contract was to develop a 

method for Si ribbon production by EFG for use as low-cost 
substrate material in terrestrial solar cell manufacture. 
The program has culminated in the construction of a mul 
tiple ribbon furnace unit that is designed to operate on a 
continuous basis for periods of at least one week, with 
melt replenishment and automatic ribbon width control, and 
to produce Si sheet at a rate of one square meter per 
hour. Program milestones set for single ribbon furnace 
operation to demonstrate basic EFG system capabilities 
with respect to growth speed, thickness and cell perform 
ance were achieved for 10 cm wide ribbon. At the program's 
conclusion, however, the integration of these individual 
performance levels Into multiple ribbon furnace operation 
was not accomplished. Shortfalls in performance have 
occurred mainly in an inability to consistently and repro 
ducibly achieve acceptable growth conditions that result 
in homogeneous ribbon of required quality. This has con- 
tributed to depressing average cell performance to the 
range of 9 to 10% efficiency at the beat in the multiple 
furnace operational mode. A lack of flexibility in optim 
izing growth conditions may be a central element in con 
tributing to deficiencies in both of these areas. Genera 
tion of high defect densities by stress relief is a second 
possible contributing factor in limiting cell performance. 
Even though residual stress has been reduced to a level 
where processing of large area cells is feasible, growth 
system configurations for which the defect density is 
reduced are not yet available. 


TITLE: Final Report. Analysis of Defect Structure in Si 

Characterization of Semlx Material 
AUTHOR: R. Natesh, G. Str i ngf el low, et al . 

CORPORATE AUTH: Materials Research, Inc. 

DATE: February 1983 

REPORT NO: DOE JPL 955676 4 

AVAILABILITY: NTIS, PC A07/MF A01; 1 

ABSTRACT: Statistically significant quantitative struc- 

tural Imperfection measurements were made on samples from 
UCP Ingot 5848 13C. Important correlation was obtained 
between defect densities, cell efficiency, and diffusion 
length. Grain boundary substructure displayed a strong 
Influence on the conversion efficiency of solar cells from 
Semlx material. Quantitative microscopy measurements gave 
statistically significant information compared to other 
mi c roan a 1 y t i c al techniques. A surface preparation tech 
nique to obtain proper contrast of structural defects 
suitable for QTM analysis was perfected and is now being 
used routinely. A study was made to determine the re- 
lationships between hole mobility and grain boundary 
density Mobility was measured using the Van der Pauw 
technique, and grain boundary density was measured using a 
quantitative microscopy technique. Mobility was found to 
decrease with increasing grain boundary density. 


TITLE: Final Report. Si Ingot Casting - Heat Exchanged 

Method Multi Wire Slicing-Fixed Abrasive Slicing 
Technique: December 15, 1978 to June 30, 1981 

AUTHOR: F. Schmid and C.P. Khattak 
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CORPORATE AUTH: Crystal Systems, Inc. 

DATE: February 18, 1983 

REPORT NO: DOE-JPL 954373 81/19 

AVAILABILITY: NTIS, PC A12/MF A01 ; l 

ABSTRACT: Directional solidification by HEM is a viable 

approach for directional solidification of Si Ingots to be 
used for terrestrial solar cell applications has been 
demonstrated. Some of the significant advances made 
during this phase of the program have been: Ingot size - 
34 cm a 34 cm a 17 cm - 45 kg; Usable material yield - 
90X; Solar cell efficiency averaged over the whole ingot - 
85X of control Cz (35 kg ingot); Very uniform resistivity 
over the boule; and cycle time for 36 kg ingots - 56 h. A 
decrease of growth rate with Increased ingot height. Si 
carbide precipitates, and high dislocation density in HEM 
material have been encountered. The Si carbide is attrib- 
uted to backstreamlng of oil vapors from the vacuum pump; 
the high dislocation density is associated with the thermal 
history of the boule. Using solar metallurgical meltstock 
a nearly single crystal structure has been achieved with 
one HEM directional solidification. Solar cells fabricated 
using this meltstock have shown up to 12.33X conversion 
efficiency. The projected add on cost of HEM processing 
using the best simultaneous achievements is $17. 39/m 2 , 
well within the allocation of $18. 15/m 2 for 1986 goals. 


TITLE: Final Report. Development of a Polysilicon Process 

Based on CVD (Phases 1 & 2), October 11, 1982 to 
Hay 21, 1983 

AUTHOR: J.R. McCormick, et al. 

CORPORATE AUTH: Hemlock Semiconductor Corp. 

DATE: July 14, 1983 

REPORT NO: DOE JPL 955533 83/8 

AVAILABILITY: NTIS, PC A03/MF A01; 1. 

ABSTRACT: DCS was used as the feedstock for an advanced 

decomposition reactor for Si production. The advanced 
reactor had a cool bell jar wall temperature, 300°C, 
when compared to Siemen's reactors, approximately 750°C, 
previously used for DCS decomposition. The cooler wall 
temperature allows higher DCS flow rates and concentra 
tlons. A Si deposition rate of 2.28 gm/h cm was achieved 
with power consumption of 59 kvh/kg. Interpretation of 
data suggests that a 2.8 gm/h cm deposition rate is pos 
Bible. The 2.8 gm/h cm deposition rate surpasses the goal 
of 2.0 gm/h cm. Power consumption and conversion should 
approach the program goals of 60 kWh/kg and 40V Screen 
Ing of lower cost materials of construction was done as a 
separate program segment. Stainless Steel (304 and 316), 
Hastalloy B, Monel 400 and 1010 1020 Carbon Steel were 
placed individually in an experimental scale reactor. Si 
was deposited from t.richloros i lane feedstock. The result 
ant Si was analyzed for electrically active and metallic 
Impurities as well as carbon. No material contributed 
significant amounts of electrically active metallic impuri 
ties, but all contributed carbon. Single crystal growth 
could not be maintained in most zone refining evaluations. 

No material need be excluded from consideration for use in 
construction of decomposition reactor components for pro 
duction of PV grade Si; however, further evaluation and 
the use of the low carbon alloys is considered essential. 


TITLE: Progress Report. September 1, 1981 to December 

31, 1983. Surface Property Modification of Si 
AUTHOR: S. Danyluk 

CORPORATE AUTH: The Board of Trustees of the University 

of Illinois for Chicago Circle Campus 
DATE: January 1984 

REPORT NO: DOE JPL 956053 84/05 

ABSTRACT: The main emphasis of this work has been to 

determine the wear rate of Si in fluid environments and 
the parameters that influence wear. Three tests were 
carried out on single crystal Cz Si wafers: circular and 

linear multiple scratch tests in fluids by a pyramidal 
diamond simulated fixed particle abrasion; microhardness 
and three point bend tests were used to determine the 


hardness and fracture toughness of abraded Si and the 
extent of damage Induced by abrasion. The mechanism by 
which the fluids influence wear is still not completely 
understood. Fluids apparently influence crack initiation 
and propagation, and dislocation formation and mobility. 


TITLE: Quarterly Report, October 23, 1983 to December 31, 

1983. Advanced Dendritic Web Growth Development 
AUTHOR: C.S. Duncan, R.G. Seidensticker , and J.P. McHugh 

CORPORATE AUTH: Vestinghouse Electric Corp. 

DATE: March 6, 1984 

REPORT NO: DOE- JPL 955843 84/13 

AVAILABILITY: NTIS, PC A03/MF A01 ; 1 

ABSTRACT: Two types of design concepts were evaluated with 

the thermal models: (1) a vertical thermal element which 

modifies both the temperature profile in the web, as well 
as the convective gas flow near the web, and (2) a thinner 
lid configuration in which the second lid is replaced by a 
hot cavity. Each involves trade-offs which need experi- 
mental evaluation. Residual stress measurements using the 
Berial split-width technique indicated that the real resid 
ual stress was comparable to (or less than) the equivalent 
"res i dual stress." The latter has been used as a measure 
of structural perfection in web crystals in previous re 
ports. New dynamic and new static configurations were 
given preliminary evaluation in the laboratory, with re 
suits generally In agreement with predictions. Improved 
system temperature measurements were made leading to growth 
in closer agreement with the model predictions. Improved 
methods for controlling convective gas flow and oxide depo 
sit ion were developed. 


TITLE: Quarterly Report No. 1. Si Film Solar Cell Proees 

AUTHOR: R . B . Hall, et al. 

CORPORATE AUTH: Astrosystems , Inc. 

DATE: May 15, 1984 

REPORT NO: DOE-JPL 956769 84/01 

ABSTRACT: The most promising way to reduce the cost of Si 

in solar cells while still maintaining performance is to 
utilize thin films (10-20 microns thick) of crystalline 
Si. The method of solution growth is being employed to 
grow thin polycrystal 1 ine films of Si on dissimilar sub 
strates. The initial results indicate that, using tin as 
the solvent, this growth process only requires operating 
temperatures in the range of 800°C to 1000°C. Growth 
rates in the range of 0.4 to 2.0 microns/min and grain 
sizes in the range of 20 to 100 microns have been achieved 
on both quartz and coated steel substrates. Typically, an 
aspect ratio of two to three between the width and the Si 
grain thickness Is seen. Uniform coverage of Si growth on 
quartz over a 2.5 x 2.5 cm area has been observed. 


TITLE: Final Technical Report. March 1 to May 1, 1984. 

Demonstration of the Feasibility of Microwave 

Heating in a Non Reactive Fluidized Bed Reactor 
CORPORATE AUTH: Superwave Technology, Inc. 

DATE: July 13, 1984 

REPORT NO: DOE-JPL 956801 84/1 

ABSTRACT: Microwaves have the property to couple directly 

to Si with very high efficiencies. This enables rapid, 
and controlled heating with very low power requirements. 
Heating can be achieved in a Si bed contained in a quartz 
crucible. Quartz is transparent to microwave frequencies, 
and hence can be used as a clean and cost-effective cru 
clble material. In an experimental situation, a multimode 
cavity was designed and built for a 3 in. high, 6 in. dia 
bed of Si with particle size of 100 500 micrometers. The 
quartz chamber was placed in a tuned cavity made of stain 
less steel, and microwave power was fed from a 6 kW genera 
tor. Maintainability and uniformity of heating at various 
power levels and gas flows was studied by placing thermo 
couples at various heights and measuring radial disiribu 
tlon. Results indicate that 1.5 kW of microwave power was 
required to maintain the (3 1 * high) bed at 800° ♦ 5°c 
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at a gas flow exceeding 20 liters/mln. Extending to a 
taller bed 012” height) is feasible by utilising mul- 
tiple microwave inputs with modular power supply design. 
Utilizing direct coupled microwaves, therefore, provides 
an efficient and cost-effective means of Si bed heating in 
a f luldized-bed reactor. 


TITLE: Pinal Technical Report. Quantitative Analysis of 

Defects in Si 

AUTHOR: R. Natesh, R.M. Cohen, J. Dunn, #t al 

CORPORATE AUTH: Materials Research, Inc. 

DATE: January 1985 

REPORT NO: DOE-JPL 956406 85/1 

AVAILABILITY: NTIS, PC A05/HF A01 

ABSTRACT: Defect density in Hameo Cz Si was measured. A 

sufficiently high precipitate density was found to cause a 
reduction in the minority carrier lifetime, and, thus, cell 
efficiency. Mobility studies in Semi x UCP Si were con- 
ducted under both dark and Illuminated conditions. Results 
from these measurements Indicate that the grain boundaries 
act primarily as potential barriers to reduce the mobility. 
A secondary scattering mechanism, from an unknown defect 
associated with the grain boundaries, leads to a less 
dramatic reduction in mobility. Neutron activation anal 
ysis was used on selected samples provided by JPL for test- 
ing of trace elemental analysis. These analyses yielded 
generally good results. Thin layers of microcrystalline 
Si on c-Si substrates were analyzed to determine hydrogen 
content, the ratio of amorphous/microcrystall 1 ne material, 
and microcrystal size. Solar cells made with this struc- 
ture were found to have higher efficiencies when containing 
higher concentrations of hydrogen. The ratio of amorphous/ 
microcrystal U ne material was found to be about 10%, and 
the microcrystal sizes ranged from 50 ISO A. 


TITLE: Final Report. Solid/Melt Interface Studies of 

High-Speed Si Sheet Growth 
AUTHOR: T.F. Ciscek 

CORPORATE AUTH: Solar Energy Research Institute 

DATE: February 1985 

REPORT NO: DOE-JPL W08746 -85/0? 

ABSTRACT: Radial growth-rate anisotropies and limiting 

growth forms of point- nuc leated , dislocation-free Si sheets 
spreading horizontally on the free surface of a Si melt 
have been measured for (100), (110), (111), and (112) 
sheet planes. S 1 xteen mil 1 imeter movie photography was 
used to record the growth process. Analysis of the sheet 
edges has lead to predicted geometries for the tip shape 
of unidirectional, dislocation free, horizontally growing 
sheets propagating In various directions within the above 
mentioned planes. Analysis also provides a crystallo 
graphic description of the radial leading edges of solid/ 
liquid interface during flat top transition growth in Cz 
pulling. Similar techniques were used to study polycrys 
talline sheets and dendrite propagation. For dendrites, 
growth rates on the order of 2.5 m/mln and growth rate 
anisotropies on the order of 25 were measured. Feasibility 
was demonstrated for a CFH ribbon growth method. X-ray 
topography analysis of dendritic web silicon sheets was 
conducted and the resultant topographs are presented. 

TITLE: Technical Report. Stress Strain Analysis of Si 

Ribbon 

AUTHOR: O.V. Dillon, Jr. 

CORPORATE AUTH: University of Kentucky Research Foundation 

DATE: February 1, 1985 

REPORT NO: DOE JPL 956571-85/1 

ABSTRACT: At the mini workshop on stresses and strains 

held at Mobil Solar on January 23 24 , 1985 , numerical re- 
sults for the in plane stresses and the dislocation fields 
in Si ribbon were reported. A number of convergent solu 
tlons which would be relied upon to provide insight into 
the physical phenomena involved has been obtained. It was 
emphasized at the meeting that the approach to the calcula 


tlon for the dislocation density was unique and is the 
first such calculation ever done for any problem. In our 
model, the internal structure {here the dislocation den 
slty) of the material itself changed both due to the tem- 
perature field that is imposed and to the related stress 
field. The dislocation density changes from point to point 
and the result is a prediction of the dislocation density 
in the final ribbon. This appears to us to be a valuable 
aid to the improvement of quality of the ribbon and Its 
ability to function as a solar cell. There has been no 
major difficulty with convergence when the dislocation 
density is kept fixed. 

TITLE: Final Report. September 6, 1983 to December 1, 

1984 . Cryogenic Laser Calorimetry for Impurity 
Analysis 

AUTHOR: R.T. Swimm 

CORPORATE AUTH: University of Southern California 

DATE: May 1985 

REPORT NO: DOE-JPL 956613 85/01 

ABSTRACT: This report presents the results of a one year 

effort to determine the applicability of laser-calorimetric 
spectroscopy to the study of deep-level Impurities in Si. 
Critical considerations for impurity analysis by laser- 
calorimetric spectroscopy are discussed, the design and 
performance of a cryogenic laser calorimeter is described, 
and measurements of background absorption In high purity 
Si are presented . 


TITLE: Final Report. Advanced Dendritic Web Growth 

Development and Development of Single Crystal Si 
Dendritic Ribbon and H 1 gh Ef f i c lency Solar Cell 
Program 

CORPORATE AUTH: Westinghouse Electric Corp. 

DATE: December 30, 1985 

REPORT NO: DOE JPL 956999 85/1 

ABSTRACT: Work performed under this contract was a direct 

extension of work performed under JPL Contract 955843. 

This effort has continued into 1985 under JPL contract 
957207. The long-range objectives of all these contracts 
are the same: to conduct development efforts to achieve 
initial deliverables of a JPL program aided at demonstrat 
ing that the Si dendritic web technology Is ready for com 
mercial use by the end of 1986. A commercial readiness 
goal involves improvements to crystal growth furnace 
throughput to demonstrate an area growth rate of greater 
then 15 cm 2 /min while simultaneously growing 10 meters 
or more of ribbon under continuous melt replenishment 
Specific tasks include computer thermal modeling required 
to define high speed, low stress, continuous growth con 
figurations; a study of convective effects in the molten 
Si growth furnace cover gas; furnace component modifica 
tions; web quality assessments; and experimental growth 
activities to demonstrate progress. A specific milestone 
identified in this contract Involved demonstration by the 
end of 1984 of an area growth rate greater than 10 cm ? /min 
while simultaneously growing 10 meters or more of ribbon 
under conditions of continuous melt replenishment. The 
1984 web growth goals of crystal length and time are pre 
sented. A comparison will show that stability improvements 
to increased uninterrupted growth times have exceeded the 
goals. Crystal pull speeds, however, have not Increased 
as was hoped, resulting in shorter crystals than projected. 


TITLE: Annual Report. September 1, 1984 to August 31, 

1985 Electrical, Structural, and Chemical 
Characterization of Si Sheet Material 
AUTHOR: D.G. Ast 

CORPORATE AUTH: Cornell University 

DATE: February 18, 1986 

REPORT NO: DOE JPL 956046 66/1 

ABSTRACT: Study of web dendritic Si ribbons under four- 

point bending stress was undertaken to lead to an under- 
standing of how web Si deforms under a well defined 
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applied stress. Since the mechanical properties of Si are 
know to depend on the O content of the material, 0 
measurements using Fourier Transform Infrared Spectroscopy 
were done to determine a proper control sample of nonde 
fected c-Sl. Four-point bending revealed a unique two- 
step bending behavior for the web Si ribbons. An initial 
theory for this behavior involves the interaction of the 
dislocations generated by the deformation with the central 
twin planes of the ribbons. Oxygen measurements showed a 
uniformly high 0 content for the Web Si ribbons, approx} 
mately 10 18 atoms/cm 3 for all the samples measured. 

All the web samples had a much broader absorption peak at 
9 um than is usually seen for well annealed c-Si. This 
broadening is thought to be related to stress in the web 
Si ribbons. Two samples containing a known amount of 
residual stress support this hypothesis. Also, a shoulder 
on the infrared absorption peak associated with inter- 
stitial O in Si appears in the transmission vs. wavenumber 
plots for some of the web samples. In the literature, 
this shoulder has been associated with O-vacancy complexes 
or with o at dislocations. The O content and configure 
tlon do not seem to correlate with the growth configure 
tion of the Web Si ribbon 


TITLE: High-Purity Si Crystal Growth Investigations 

AUTHOR: T, F . Ciazek 

CORPORATE AUTH: Solar Energy Research Institute 

DATE: July 1986 

REPORT NO: DOE JPL W08762 86/1 

ABSTRACT: Si crystal growth parameter effects on minority 

carrier lifetime using high purity FZ techniques were in 
vestlgated. The goals of the work were to optimize dopants 
and minority-carrier lifetime in FZ material for high 
efficiency solar cell applications, to improve the under 
standing of lifetime degradation mechanisms (point defects, 
impurities, thermal history, etc.), and to characterize 
lifetime related crystallographic defects in Si crystals 
via x-ray topography. Float zoning of high purity, dis 
location free Si was conducted both as a tool to study the 
dependence of minority-carrier lifetime on various growth 
parameters and also as a means of growing long- 1 l f et ime , 
heavily doped p-type Si for use in solar cells. The effect 
of crystal cooling rate on lifetime was determined for a 
range from 50°C to 600°C/min. Calculation techniques 
and pertinent property data were developed for a comparison 
of vacuum and gas ambients as they affect impurity concen 
tration profiles in float zoned and cold crucible grown 
crystals. X-ray topography was used to examine disloca 
tions and lattice plane curvature in Si ribbons grown by 
various methods as well as microdefects in dialocation- 
free Si crystals. Improvements in the lifetime measurement 
of heavily doped Si were also made. 


TITLE: Final Report. July 9, 198? to July 15, 1986. 

Stress and Efficiency Studies in EFG 
AUTHOR: J.p. Kalej* 

CORPORATE AUTH: Mobil Solar Energy Corp 

DATE: July IS, 1986 

REPORT NO: DOE JPL 956312-86/3 

ABSTRACT: The goals of this program have been: (1) to de- 

fine minimum stress configurations for Si aheet growth at 
high (> 3 cm/min) speeds; (2) to quantify dislocation 
electrical activity and their limits on minority carrier 
diffusion length in deformed Si; and (3) to study reasons 
for degradation of lifetime with increases in doping level 
in EFG material. Among the main accompl 1 shmen t a have been- 
(1) Development of a finite element model for calculating 
residual stress with plastic deformation (with J. Hutchin 
son at Harvard University); (2) Verification of a finite 
element model for EFG control variable relationships to 
temperature field of the sheet to permit prediction of pro 
files and stresses encountered in EFG systems (with R.A. 
Brown, Massachusetts Institute of Technology); (3) Develop 
ment of residual stress measurement technique for finite 
size EFG material blanks using shadow Moire interferometry 
(with S. Danyluk, University of Illinois at Chicago)- 


(4) Investigation of transient creep response of Si in the 
temperature range between 800 and 1400°C in strain (10 3 ) 
and strain rate <10"* «-l> regimes of interest in the 
stress analysis of sheet growth (at Mobil Solar); (5) Estab 
ltshment of quantitative relationships between minority 
carrier diffusion length and dislocation densities using 
EBTC in FZ Si deformed in four- point bending in the temp 
erature region between 800 and 1400°C (at Mobil Solar); 
and (6) Quantitative characterization of the effect of' 
boron and gallium dopants on bulk lifetime and on recombin 
atlon around dislocations for EFG material. The modeling 
work was supported by experiments carried out on EFG ribbon 
systems at Mobil Solar, which have studied the effects of 
post growth temperature profile changes on ribbon stress 
and dislocation levels. Residual stress and dislocation 
densities were reduced by lowering growth speed to the 
order of 1 cm/min. At 2 cm/min and above, interface region 
temperature gradients had to be maintained at high values 
to maintain viable (stable) growth, and this has precluded 
obtaining such reductions. Stress analysis has shown that 
reduction of residual stress can be achieved by manipula 
tion of transverse isotherms away from the growth inter 
face, viz., cooling the sheet edge with respect to the 
center at distances of 1 to 5 cm from the interface. This 
is not effective in reducing high stresses very near (1 to 
5 mm) the interface. The implication is that all vertical 
St sheet bucke-free growth may be creep limited at speeds 
in the range of 3 cm/min. 


TLE: Final Report. The Role of Oxygen and Carbon in 

Process Induced Defects in Silicon 
AUTHOR: J.V. Corbett 

CORPORATE AUTH: The Research Foundation of State 

University of New York 
DATE: August 13, 1986 

REPORT NO: DOE JPL 956989 86 2 

ABSTRACT: Defects unintentionally introduced into solar 

cells during processing reduce the minority carrier life 
time of the solar cells, and consequent v , reduce the 
efficiency of the solar cells. These defects can arise in 
two ways: (1) Processing can cause the device material to 

change creating new defects, and (2) Processing can permit 
the introduction of defects from outside the sample The 
bulk of the results of our contract relate to the oxygen 
related proglems; these results are summarized but are 
treated in depth in the Appendix. 


TITLE: Final Report. Advanced Dendritic Web Growth 

Development 

CORPORATE AUTH: Westinghouse Electric Corp. 

DATE: October 1980 to Hay 1985 

REPORT NO: DOE JPL 955843 85/19 

ABSTRACT: Without shaping dies, the web process produces 

thin single crystal Si ribbons directly from a melt. Long 
term DOE goals for low cost PV power require advances in 
web area growth rate, continuous replenishment technology 
and process automation. Because thermally generated 
stresses limit the width to which web can be grown, com 
puterized models were developed to calculate the tempera 
ture, stress and deformation behavior of the thin ribbons. 
These models were used for parametric analyses of stress 
generation for different growth geometries, coil elevation, 
melt levels and other factors. This led to the concept of 
a vertical thermal element ( VTE) with substantial stress 
reduction benefit. Modeling also identified ways to mini- 
mize convection Instabilities by control of the applied 
thermal gradient in the susceptor or by addition of baf 
fles as flow controlling elements. A third modeling activ 
ity led to estimation of the temperature of various thermal 
elements (lids, shields) from the power input of the indue 
tion coil. A major focus of experimental work was to re 
late model predictions to actual growth conditions and, in 
turn, to structure of the crystals produced. The crystals 
produced were characterized by etch pit density measure 
ments, residual stress determinations, and x ray topograph 
ic evaluation. Width controlled, continuous replenishment 
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studies were carried out with a more sensitive melt level 
control system and an adjustable integration time. lmple 
mentation was completed of an automated data acquisition 
system to monitor and store data from all eleven furnaces 
used for web growth. Experimental data collected from 
this facility formed the basis for a closed loop growth 
control system. Development of a completely automated 
closed-loop web growth control was Initiated. 
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HIGH- EFFICIENCY SOLAR CELLS IN HOUSE ABSTRACTS 


TITLE: Structure of Deformed Si and Implications for Low 

Coat Solar Celia 

AUTHOR: N. Mardeslch, H.H. Lelpold, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 1978 

REPORT NO: DOE-JPL 1012 78/3, JPL Pub. 78-13, 5101-56 

ABSTRACT: The microstructure and minority carrier life- 

time of Si were Investigated in uniaxially compressed Si 
samples. The objective of the investigation was to deter- 
mine If it is feasible to produce Si solar cells from 
sheet formed by high temperature rolling. The initial 
structure of the Si samples ranged from single crystal to 
fine-grained polycrystals. The samples had been deformed 
at strain rates of 0.1 to 8.5 sec“^ and temperatures of 
1270-1380°C with subsequent annealing at 1270-1380°C. 


TITLE: Determination of Bulk Diffusion Lengths for 

Angle-lapped Semiconductor Material via the 
Scanning Electron Microscope: A Theoretical 
Analys i s 

AUTHOR: 0. von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: May 1978 

REPORT NO: DOE JPL 1012-78/8, and 5101-73 

ABSTRACT: A standard procedure for the determination of 

the minority carrier diffusion length by means of a SEN 
consists of scanning across an angle lapped surface of a 
p-n junction and measuring the resultant short circuit 
current I >c as a function of beam position. A detailed 
analysis of the I gc originating from this configuration 
1 s presented . 


TITLE: Effect of Copper Impurity on Polycrystal 1 1 ne Si 

Solar Cells 

AUTHOR: T. Daud and K . M . Kollwad 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1978 

REPORT NO: DOE JPL 02890 

AVAILABILITY: NTIS-02890 

ABSTRACT: The presence of copper impurity, up to 10^ 

atoms/cc, in single crystal Si has been shown to have no 
deleterious effect on the p n junction solar cell perfor- 
mance. In polycrystalline Si copper atoms tend to migrate 
to the defect sites because of the structural sensitive 
properties of copper. This study was undertaken to inves 
tigate the influence of this behavior of copper impurity 
on the performance of p-n junction solar cells fabricated 
from structurally imperfect silicon. Two sets of polycrys 
talline silicon substrates containing copper were examined. 
In one set of samples, copper was Incorporated during 
growth, whereas in the other, copper was diffused. Solar 
cells were fabricated on both sets of substrates by a 
standard process. Dark and light IV and spectral response 
characteristics of the cells were measured and compared 
with copper free polycrystal li ne Si solar cells. The 
results and the model are discussed. 


TITLE: Effect of Grain Boundary in Si Sheet on Minority 

Carrier Diffusion Length and Solar Cell Efficiency 
AUTHOR: T. Daud and KM. Koliwad 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1978 

REPORT NO: 5101-69 

ABSTRACT: The diffusion length of minority charge car- 

riers in Si sheet containing grain boundaries has been 
measured by the EBIC technique using a scanning electron 
microscope. Quantitative variation of diffusion length as 
a function of the distance from the grain boundary has 
been determined . 


TITLE: Determination of Silicon Solar Cell Parameters by 

„ use of e SEN: Eight Papers 

AUTHOR: 0. von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 15, 1979 

REPORT NO: 5101-111 

ABSTRACT: Some of the eight technical papers presented In 

this compilation have appeared, or will appear, in inter- 
national technical journals. Others have previously been 
published Internally to JPL. They all center around a 
common topic: the usefulness or lack of usefulness of the 

electron microscope In determining significant electrical 
characteristics of single-crystal Si solar cells. The work 
described here was performed during the larger part of 
1978. For economy and timeliness, the original manuscripts 
of the papers have been reproduced here in essentially 
unmodified form. 


TITLE: Measurement of Surface Recombination Velocity for 

Si Solar Cells Using a SEM with Pulsed Beam 
AUTHOR: T. Daud and L-J Cheng 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1981 

REPORT NO: DOE-JPL 1012-56, and 5101-176 

ABSTRACT: In the design and fabrication of Si solar cells 

approaching theoretically ultimate conversion efficien- 
cies, surface recombination velocity plays a crucial 
role. A technique using a SEM with pulsed electron beam 
has been developed for the measurement of this important 
parameter of Si surfaces. It is shown that the surface 
recombination velocity, s, increases by an order of 
magnitude when an etched surface degrades, probably as a 
result of environmental reaction. A textured front- 
surface-field cell with a high-low junction near the 
surface shows the effect of minority carrier reflection 
and an apparent reduction of s, whereas a tandem junction 
cell with n + -p junction near the surface shows an 
increasing s value. Electric fields at junction inter- 
faces in front-surface-field and tandem- junct ion cells 
acting as minority carrier reflectors or sinks tend to 
alter the value of effective surface recombination 
velocity for different beam-penetration depths. A range 
of values of s from about 10^ to 10^ cm/sec has been 
found for different surfaces. 


TITLE: Mathematical Analysis of the PVD Method for 

Minority Carrier Lifetime Measurements 
AUTHOR: O.H. von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1982 

REPORT NO: DOE-JPL 1012-65, JPL Pub. 82-3, 5101-203 

ABSTRACT: When the diffusion length of minority carriers 

becomes comparable with or larger than the thickness of a 
p-n junction solar cell, the characteristic decay of the 
photon-generated voltage results from a mixture of contri- 
butions with different time constants. The minority car- 
rier recombination lifetime i and the time constant 4 
where t is essentially the thickness of the cell and D 
the minority carrier diffusion length, determine the signal 
as a function of time. It is shown that for ordinary solar 
cells (n+-p junctions), particularly when the diffusion 
length L of the minority carriers is larger than the cell 
thickness l, the excess carrier density decays according 
to exp (-t/T - TT^Dt/al^), T being the lifetime. There 
fore, T can be readily determined by the PVD method once D and 
9. are known. An analysis of this matter was published 
recently in the Journal of Applied Physics . This report 
offers details of its mathematical development. 


TITLE: A System for Meesuring Thermal Activation Energy 

Levels In Si by Thermally Stimulated Capacitance 
AUTHOR: R.H. Cockrum 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 15, 1982 

REPORT NO: DOE JPL 1012-78; JPL Pub. 82-82, 5101-217 

AVAILABILITY: NTIS, PC A03/MF A01 
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ABSTRACT: The CTS method, used to determine energy 

level(s) end electrical activity of impurities In Si, is 
described. It can be classified into three basic cate- 
gories: the TSCAP, the VSCAP, and the LSCAP. Only the 

first two categories are discussed. From the total change 
In capacitance and the time constant of the capacitance 
response emission rates, both energy levels, and trap 
concentrations can be determined. Major advantages of CTS 
are its abilities to detect both the presence of electrl 
cally active Impurities that are Invisible to other tech- 
niques, such as Zeeman effect atomic absorption, and to 
detect more than one electrically active impurity in a 
sample. To illustrate the method and its sensitivity, 
examples of the detection of majority and minority carrier 
traps from gold donor and acceptor centers in Si are given. 
These examples illustrate the trap parameters that can be 
determined from capacitance transients. The experimental 
test procedure and equipment used are described. 


TITLE: Characterization of Crain Boundaries in Si 

AUTHOR: L.J. Cheng, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 15, 1983 

REPORT NO: DOE-JPL 1012-90, JPL Pub, 83 87, 5101*233 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: Results are reported from several research act- 

ivities dealing with properties of grain boundaries In Si 
materials. Zero-bias conductance and capacitance measure- 
ments at various temperatures were used to study trapped 
charges and potential barrier height at the boundaries. 

DLTS was applied to measure the density of states at the 
boundary. The result Is consistent with the model In 
which the density of states increases as the states become 
deeper. Anomalous phenomena have been observed by DLTS 
and other methods, which only can be explained by a new 
model in which the spatial distribution of the localized 
states is not uniform along the boundary in the micro 
scopic scale. A study of photoconductivity of grain 
boundaries In p type Si demonstrated the applicability of 
the technique in the measurement of minority carrier recam 
bination velocity at the grain boundary. The data are 
consistent with the concept of recombination velocity 
increasing with boundary state density and light intensity. 
Enchanced diffusion of phosphorus at grain boundaries in 
three cast polycrystalline PV materials was studied. 
Enhancements for the three were the same, indicating that 
the properties of boundaries are similar, although the 
materials were grown by different techniques. Grain 
boundaries capable of enhancing the diffusion were found 
always to have strong recombination activities; the phe 
nomena could be related to dangling bonds at the bound 
aries. The present study gives the first evidence that 
incoherent second order twins of {111}/f!15} type 
are di f f us i on- ac t i ve . 


TITLE: Proceedings of the FSA Research Forum on High- 

Efficiency Crystalline Si Solar Cells 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: May 15, 1985 

REPORT NO: DOE JPL 1012 103, JPL Pub. 85 38, 5101 258 

AVAILABILITY: NTIS, PC A21/MF A01; l 

ABSTRACT: The High Efficiency Crystalline Si Solar Cells 

Research Forum was held on July 911, 1984, in Phoenix, 
Arizona. The Research Forum addressed high efficiency 
concepts, surf ace- i nterf ace effects, bulk effects, model 
ing and device processing. These topics were arranged into 
six interactive sessions, which focused on the state-of- 
the-art of device structures, identification of barriers 
to achieve high efficiency cells, and potential ways to 
overcome these barriers. The Forum arrangement was in 
tended to enable and encourage interaction and discussion 
among participants. Promising areas of future research 
are presented in these Proceedings. 


TITLE: Proceedings of the FSA Workshop on Crystal Growth 

for High-Efficiency Si Solar Cells 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 15, 1985 

REPORT NO: DOE-JPL 1012-109, JPL Pub. 85-59, 5101-27? 

ABSTRACT: A Workshop on Crystal Growth for High 

Efficiency Si Solar Cells was held December 3 and 4, 1984, 
In San Diego, California. The Workshop offered a day and 
a half of technical presentat Iona and discussions and an 
afternoon session that Involved a panel discussion and 
general discussions of areas of research that are neces- 
sary to the development of materials for h \ gh- ef f ic i ency 
solar cells Topics included the theoretical and experl 
mental aspects of growing high-quality Si crystals, the 
effects of growth process related defects on PV devices, 
and the suitability of various growth technologies as 
cost-effective processes. Fifteen invited papers were 
presented, with a discussion period following each presen 
tation. The meeting was organized by JPL-FSA. These 
Proceedings are a record of the presentations and 
discussions, edited for clarity and continuity. 


TITLE: High Efficiency Si Solar-Cell Design Evaluation 

and Sensitivity Analysis 

AUTHOR: A . R Mokashi, T. Daud, and R.H. Kachare 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 15, 1985 

REPORT NO: DOE JPL 1012-107, JPL Pub. 85-46, 5101 267 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: A copy of SCAP1D from Purdue University and a 

copy of SUPREH II from Stanford University were obtained 
and made functional at JPL. They are used as basic ana 
lytical tools for hlgh-efflciency Si solar cell design, 
evaluation, and sensitivity analysis. A brief description 
of the mathematical model used in the SCAP1D program, in 
eluding heavy doping effects, Is presented. Results are 
compared with experimental data on representative high 
efficiency cells. Sensitivity analysis of an 18. 7* 
efficient cell reported in the literature is made with 
respect to key device parameters. The analysis indicates 
that a maximum efficiency of 20% is achievable. 


TITLE: Sensitivity Analysis of a Passivated Thin Si Solar 

Cell 

AUTHOR: A.R. Mokashi, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1, 1985 

REPORT NO: DOE JPL 1012-108, JPL Pub. 85-48, 5101-269 

AVAILABILITY: NTIS, PC A02/MF A01 

ABSTRACT: A new h l gh e f f i c 1 ency Si solar-cell design Is 

analyzed Innovative design features are incorporated to 
reduce losses. Bulk recombination losses are reduced by 
making the cell thin (100 um) • A back-surface reflector 
compensates for the optical absorption losses due to cell 
thinness. Both surfaces (front and back) are considered 
to be passivated by a Si dioxide layer to reduce the 
surf ace reenmb i nat ion velocities. Recombination losses 
under the contacts are reduced by providing a heavily 
doped polysilicon layer between the metal and the Si sur- 
face. This design is evaluated by using the SCAP1D, devel 
oped at Purdue Research Foundation. Sensitivity analysis 
is performed with respect to key parameters such as cell 
thickness, back surface recombination velocity and minority 
carrier lifetime. Practically achievable values for the 
surface recombination velocities at the front and at the 
back of 100 cm/s, and the minority carrier lifetime (t) 
of 20 us have been considered. The new cell design is 
evaluated and shown to be capable of achieving 20* effi 
clency Considerable reduction of S F and S B and sub 
stantial improvement In T would be necessary to achieve 
cell efficiency greater than 20*. 
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TITLE: High-Efficiency Si Solar-Cell Design and Practical 

Barriers 

AUTHOR: A . R. Mokashl, et al. 

CORPORATE AllTH : Jet Propulsion Laboratory 

DATE: November 15, 1985 

REPORT NO: DOB JPL 1012-112, JPL Pub. 85-75, 5101-281 

ABSTRACT: A numerical evaluation technique is used to 

■tudy the impact of practical barriers, such as heavy 
doping effects (Auger recombination, bandgap narrowing), 
surface recombination, shadowing losses and minority- 
carrier lifetime <T), on the performance of a hlgh- 
efflclency Si solar cell. a hypothetical case, consider 
ing only radiative recombination losses and ignoring 
technology- limited and fundamental losses, is evaluated to 
estimate highest efficiency. Considering a high t of 
1 ms, efficiency of a Si solar cell of the hypothetical 
case is estimated to be around 291. This is comparable 
with (detailed balance limit) maximum efficiency of a p n 
June t ton solar cell of 301, estimated by Shockley and 
Queisser. Value of t Is varied from 1 sec to 20 ps . 

Heavy doping effects, and realizable values of surface 
recombination velocities and shadowing, are then con 
sidered in succession and their influence on cell effi- 
ciency is evaluated and quantified. It is shown that 
these practical barriers cause the cell efficiency to fall 
from the minimum value of 291 to the experimentally 
achieved value of about 191. Improvement in V QC is 
required to achieve cell efficiency greater than 201. 
Increased value of t reduces reverse saturation current 
and, hence, improved V QC . Control of surface recombina 
tton losses becomes critical at higher V oc . Substantial 
improvement in t and considerable reduction in surface 
recombination velocities is essential to achieve cell 
efficiencies greater than 201. Lack of available data for 
minority carrier mobility, heavy doping effect, t in 
thin emitters, surface recombination velocities, etc., are 
discussed. Limitations are pointed out for the use of 
one-dimensional numerical analysis in the consideration of 
two and three dimensional cell designs, such as floating 
emitter and dot-junction cells. 
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HIGH-EFFICIENCY SOLAR CELLS CONTRACTOR ABSTRACTS 


TITLE: Final Report. November 1982 through January 

1984. Hlerocrystalltne Si Growth for 
Heterojunction Solar Cells 
AUTHOR: P.A. lies, D.C. Leung, and P.H. Fang 

CORPORATE AUTH: Applied Solar Energy Corp. 

DATE: February 1984 

REPORT NO: DOE-JPL 956369 84/3 

AVAILABILITY: NTIS, PC A03/HF A01 ; l 

ABSTRACT: m-Sl films with a 1.7 eV energy band gap and 

cr> y®tal size of several hundred A were e-beam- evaporated 
on c SI to form a hetero June tlon with the substrate, or a 
window layer to a c-Si p -n junction (heteroface structure). 
The goal was to enhance V QC by such uses of the larger 
band gap m-Si, with the intriguing prospect of forming 
heterostructures with exact lattice match on each layer 
It was found that the heterojunction structure was affected 
by interface and shunting problems and the best V QC 
achieved was only 482 mV. well below that of c-Si homo 
junctions. The heteroface structure showed promise for 
some of the samples with p m-Si/p n structure (the com 
plementary structure did not show any improvement). Al- 
though several runs with different deposition conditions 
were run, the results were inconsistent. Any V QC en- 
hancement obtained was too small to compensate for the 
current loss due to the extra absorption and poor carrier 
transport properties of the m Si film. A study of the 
m-Sl/c-Sl interface using a p p or n n hetero junct ion 
showed that a Si did not always serve as a minority car 
rler barrier as expected. The V QC in many samples was 
of opposite polarity from that predicted, which indicated 
some degree of carrier collection. This raised problems 
concerning the nature of the m Sl/c St interface For 
this approach t.o succeed, these Interface problems need to 
be solved along with improvement of the m Si layer quality. 


TITLE: Final Technical Report. Si Sheet With Molecular 

Beam Epitaxy for High Efficiency Solar Cells 
AUTHOR: F.G. Allen and P.D. Sparks 

CORPORATE AUTH: The Regents of the University of 

California, Los Angeles 
DATE: August 2, 1984 

REPORT NO: DOE-JPL 956233 83/2 

AVAILABILITY: NTIS, PC A06/HF A01; 1 

ABSTRACT: A 2-year program has been carried out for JPL in 

which the UCLA Si MBE facility has been used to attempt to 
grow Si solar cell* of high efficiency. MBE offers the 
potential of growing complex and arbitrary doping profiles 
with 10 A depth resolution. It is the only technique 
that can readily grow built-in front and back surface 
fields of any desired depth and value in Si solar cells, 
or the more complicated profiles needed for a double junc- 
tion cascade cell, all in si, connected in series by a 
tunnel junction. Although the dopant control required for 
such structures has been demonstrated in Si by UCLA, crys- 
tal quality at the p-n junctions is still too poor to allow 
the other advantages to be exploited. Results from other 
laboratories indicate that this problem will soon be over- 
come. A computer analysis of the double cascade all In Si 
shows that efficiencies can be raised over that of any 
single Si cell by 1 or 2%, and that open circuit voltage 
of almost twice that of a single cell should be possible. 


TITLE: Annual Report. September 1, 1983 to August 31, 

1984. Investigation of Si Surface Pass l vatlon by 
Si Nitride Film Deposition 
AUTHOR: L.C. Olsen 

CORPORATE AUTH: University of Washington 

DATE: September 1984 

REPORT NO: DOE-JPL 956614 84/01 

ABSTRACT: Studies of SlN x -Si interface properties have 

been conducted for SiN„ films grown on Si for a range of 


film growth conditions. Films were grown on Si wafers 
having a (100) orientation, and resistivity of 2 ohm-cm. 
Two basic cleaning procedures were used: RCA cleaning 

procedure and a more abbreviated process which omits the 
RCA-peroxlde steps. Substrates either had a native oxide 
or a thin oxide film (20 A) formed by heat treating the 
wafer at 500°C for 20 min in oxygen. In addition, sur- 
faces were either nitrlded or not nltrided. Nitrldatlon 
involves exposing a surface to a RF plasma and anwnonia 
using 15 W RF power, 70 seem NH 3 flow, and 270°C 
platen temperature. Thus, six initial aurface conditions 
are defined by the various combinations of two chemical 
cleaning steps (RCA or abbreviated), two oxide films 
(native or 20 A), and either nitrlded or not. After 
surface preparation, SlN, films were deposited with an 
RF power of either 13 W or 75 W, and with the platen temp 
erature at 150°C or 270°C. After deposition of the 
films, aluminum gates were deposited on a region of the 
substrate and the surface state density obtained using 
high frequency C-V measurements. Effects of heat treat- 
ment were studied by annealing the films and depositing 
additional gates on another region of the substrate, and 
then conducting C-V measurements. Solar cells without AR 
coatings were provided by JPL for investigation of the 
passivation properties of SiN,. Two groups of cells 
were provided: a set of terrestrial standard cells char 

acterlzed by a base p type resistivity of 2 ohm cm and a 
junction depth of 0.4 pm, and a group of cells based on 
2 ohm-cm p-type material and a 0.2 pm junction. All 
cells had Ti/Pd/Ag collector grids. These devices were 
characterized by photoresponse and I-V analyses before and 
after SiN f deposition. Preliminary results were obtained 
for studies involving gated diode device structures. In 
one case, a decrease in short wavelength photoresponse was 
observed when a negative potential was applied to the gate 
of a gated n + /p cell. 


TITLE: Final Report (Phase V). January 1, 1983 through 

December 31, 1984. Si Solar Cell Process 
Development, Fabrication, and Analysis 
AUTHOR: D.C. Leung and P.A. lies 

CORPORATE AUTH: Applied Solar Energy Corp. 

DATE: 1985 

REPORT NO: DOE-JPL 955089-85/1 

AVAILABILITY: NTIS, PC A03/MF A01 . 

ABSTRACT: In this phase, the emphasis has been on more de- 

tailed study of the sheet materials. Two approaches were 
adapted. The smell diodes (2.5 mm 2 ) study, which began 
in the last phase was continued. Also a fine light spot 
(approx. 015 mm 2 ) scan method with the response cali- 
brated to measure the localized diffusion length of solar 
cells was established. The materials under study by both 
of these methods were cast polycrystalline Si including 
UCP, S1LSO and HEM. Using these methods, the effects of 
grain boundaries, and of intragrain material quality, were 
correlated with cell performance. Except for the fine 
grain portion of SILSO, grain boundaries only played a 
secondary role in determining cell performance. The major 
factor was Intragrain material quality and it varied with 
position in ingots and was probably related to the solidi- 
fication procedure. There was also work in support of 
other FSA efforts Including solar cells fabricated from Si 
grown In f lu id ized-bed reactors. Solar cells were fabrl 
cated with microcrystalline layers grown on Si substrates 
by Brookhaven National Laboratory for JPL, and solar cells 
were made in support of the surface study of University of 
Washington. 


TITLE: Quarterly Technical Report. October 1, 1985 to 

December 31, 1985. Ink Jet Printing of Silver 
Metallization for PV 
AUTHOR: R.W. Vest 

CORPORATE AUTH: Purdue Research Foundation 

DATE: January 21, 1985 

REPORT NO: DOE-JPL 957031 85/5 
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ABSTRACT: A new baae for the x-y table/print heed assembly 

wee constructed, In conjunction with the Improvements mede 
to the ink preeeure control system by the addition of the 
MRS Instruments , Inc. equipment This unit, e consolida- 
tion of several subsections of the Ink jet printing system, 
serves as a base for the table/print head assembly, houses 
all of the pressure control system, contains the drive 
electronics for the print head, and includes several other 
controls associated with the printing process. The comple 
tion of this base unit has simplified system operation and 
greatly Improved pressure regulation accuracy. Initial 
setup and configuration tasks were completed on the IBM AT 
computer system and the Star Micronlcs printer and general 
system operational tests conducted on both the AT and dot 
matrix printer. A apeclal communications software package 
was ordered to simplify communications between the IBM and 
Purdue’s ECN . Progress was made with the completion of a 
printing and firing study. The contact resistance and the 
sheet resistance of the top metallization printing on the 
cell with the Ink jet both contribute to the series resist 
ance of the solar cells. This study was conducted to sepa 
rate the different effects of the contact resistance and 
the sheet resistance on the overall series resistance of 
the cells. It was determined that contact resistance was 
the major problem limiting performance of the solar cells. 
The stability of a sllver/bl smuth ink was evaluated and it 
was determined how often fresh ink needed to be made. In 
conjunction with this test, an attempt was made to see 
whether some type of titanium compound could extend ink 
stability and Improve adhesion. The compound, titanium 
tetramethoxide , was tried, but results were less than 
promising. Further work will be done in this area. Theo- 
retical studies of Ink jet printing were Initiated. The 
purpose of these studies is to develop a model which will 
relate the amount of ink deposited per unit time to the 
physical properties of the ink and the machine parameters. 

TITLE: Quarterly Progress Report No. 3. July 5, 1984 to 

December 4, 1984. Comprehensive Si Solar Cell 
Computer Modeling 
AUTHOR: M F. Lamorte 

CORPORATE AUTH: Research Triangle Institute 

DATE: March 1985 

REPORT NO: DOE-JPL 956741 85/03 

AVAILABILITY: NTIS, PC A02/MF A01 ; 1 

ABSTRACT: In Quarterly Reports Nos. 1 and 2, the phenomena 

submodels and the method of solving the transport equations 
used In the simulation program were presented. In this 
Quarterly Report No. 3, the remaining phenomena submodels 
are presented and discussed. The behavior of the absorp- 
tion coefficient is most important, along with band gap 
and diffusion length, in designing high efficiency solar 
cells. Small changes in the absorption coefficient 
typically produce significant changes In the cell terminal 
characteristics. Experimental data for undoped Si in the 
energy range of 1.1 to 4.0 eV at 77 and 300 K are well 
documented. Data, also for undoped material, have been 
reported in the range of 1.0 to 1.5 eV in the temperature 
range of 4.2 to 415 K . Other data have been published for 
selected radiation wavelengths of 1.7 um and 1.5 pm 
for undoped material over the temperature range of 300 to 
1075 K and for a sample doped with 2 x 10 38 cm 3 
concentration over the same temperature range. Still 
other data have been published for the impurity concentre 
tion range of 10 3 ^ cm~ 3 to 10 23 cm 3 , in the 
energy range of 1.5 to 40 eV at 300 K. Data at the band 
edge and below are also available. Analytical functions 
representing absorption data as a function of photon energy 
in the energy range of 1.175 to 3.0 eV , using the Bardeen 
Blatt-Hal 1 relationship, have not been useful because of 
disagreements with experimental data. A more recent pub 
llcation proposes an analytical relationship for undoped 
Si which gives good agreement with experimental data at 77 
and 300 K over the energy range of 1.1 to 3.1 eV , and for 
selected energy values at 20 and 415 K Moreover, a 
relationship has also been proposed to correct for the 
absorption coefficient in degenerately doped Si at 300 K. 


TITLE: Annual Report. Minority Carrier Transport in 

Heavily Doped n-Type Si 
AUTHOR: J.A. del Alamo 

CORPORATE AUTH: The Board of Trustees of the Leland 

Stanford Jr. University 
DATE: November 1985 

REPORT NO: DOE-JPL 957159-85/1 

ABSTRACT: From first principles it Is demonstrated that 

there are three hole transport and recombination parameters 
in heavily doped n type Si: the hole equilibrium concen- 

tration, the lifetime, and the diffusion coefficient. In 
steady- state , however, only two combinations of these three 
fundamental parameters are relevant: the hole equilibrium 
concentration diffusion coefficient product, and the dif- 
fusion length. These two parameters have been measured in 
heavily phosphorus doped Si fabricated by epitaxy. Good 
quality epitaxial layers were grown with doping levels up 
to 1.6 x 10 20 cm -3 . In the process of their character- 
ization, accurate measurements of electron mobility and 
Hall scattering factor were carried out. For the measure- 
ment of the steady-state hole transport and recombination 
parameters, test structures with bipolar transistors have 
been fabricated. Based on recent measurement of hole life- 
time, values for the hole mobility and equilibrium hole 
concentrations are obtained from the measured parameters. 
Fits to the doping level dependence of the three funda 
mental hole transport and recombination parameters are 
computed that are suitable for device modeling. 


TITLE: Third Quarterly Technical Progress Report. 

Optimization Methods and Si Solar Cell Numerical 
Models 

AUTHOR: K. Girardinl 

CORPORATE AUTH: The Regents of the University of 

California, Los Angeles 
DATE: January 1986 

REPORT NO: DOE-JPL 957170-85/3 

ABSTRACT: The SCAP1D program has been successfully coupled 

with optimization methods. Several optimization runs have 
been made to test these methods and the results of these 
runs are Included in Section 2 of this report. Section 1 
discusses the final development of the optimization pro 
cedure, the cell parameters included as optimization varl 
ables, and two other optimization problems. In addition, 
Section 1 discusses the maximization of efficiency, which 
the final code will be capable of solving. 


TITLE: Quarterly Report. February to April 1986. Rapid 

Thermal Processing of Ion Implanted Si as a Viable 
Solar Cell Technology 
AUTHOR: C A . Rozgonyi 

CORPORATE AUTH: North Carolina State University 

DATE: April 30, 1986 

REPORT NO: DOE-JPL 957175-86/2 

ABSTRACT: In order to understand the effect of a high 

temperature defect-dissolution process on the minority 
carrier lifetime, samples of y and z groups were pre 
treated with different thermal processes. RTP at 1200°C 
for 2 min in Ar, as well as conventional furnace annealing 
at 1200°C and 1250°C, respectively, for 30 min in dif 
ferent ambients, were used. These preheat treated samples, 
along with reference virgin wafers, were furnace annealed 
in the lo, hi and lo-hl thermal processes. It was noted 
that a hi lo hi heat treatment sequence produces a deep 
denuded zone in Cz Si wafers and large amounts of precip 
itates and stacking faults in the bulk phase, as desired 
for intrinsic getterlng. 


TITLE: Quarterly Report. January 1, 1986 to March 31, 

1986. Heavy Doping Effects in H 1 gh- Ef f 1 c i ency Si 
Sol ar Cells 

AUTHOR: FA. Lindbolm and A. Neugroschel 

CORPORATE AUTH: University of Florida 

DATE: June 6, 1986 

REPORT NO: DOE JPL 956525-86/1 
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ABSTRACT: The temperature dependence of the emitter satu- 

current for bipolar devices upon the surface recom- 
bination velocity at the emitter surface was studied. From 
this dependence a value is derived for the bandgap narrow- 
ing that is in better agreement with previous determina- 
tions obtained from the temperature dependence measured on 
devices with ohmic contacts. Results are reported of a 
first direct measurement of the minority carrier transit 
time in a transparent heavily doped emitter layer. The 
value was obtained by a high frequency conductance method 
recently developed and used for low doped Si. Experimental 
evidence Is presented for significantly greater charge 
storage in highly excited Si near room temperature than 
conventional theory would predict. 


TITLE: Final Report. Use of Low-Energy Hydrogen Ton 

Implants in High- Ef f lc lency Crystalline Si Solar 
Cells 

CORPORATE AUTH: Pennsylvania State University 

DATS: June 12, 1986 

REPORT NO: DOE-JPL 957126 86/1 

ABSTRACT: The program explored the use of low-energy hy- 

drogen ion implants in the fabrication of high-efficiency 
crystalline Si solar cells. The work established that 
low-energy hydrogen Ion implants can result in hydrogen 
caused effects in all three regions of a solar cell; viz, 
emitter, space charge region, and base. in web, Cz , and 
FZ material low energy hydrogen ion implantation can re 
duce surface recombination velocity. In web, Cz , and FZ 
material hydrogen Implants were found to passivate space 
charge region recombination centers. In web cells, hydro 
gen implants were found also to passivate the base region 
However, similar improvement was not seen for the base 
region of Cz or FZ cells. In the case of web material, 
hydrogen is believed to be able to diffuse into the base 
region where it can passivate structural defects present 
In the web base. In exploring the fundamental interaction 
of hydrogen with impurities in Si it was found using DLTS 
that H + implants can passivate the deep levels resulting 
from fast diffusing metal impurities {Au, Cr> but not those 
resulting from slow- d i f f us l ng metal impurities (Ti). This 
suggests that gettering, not some chemical interaction, is 
the dominant "passivation” effect in hydrogen’s rendering 
deep levels inactive. Other fundamental work substantiated 
the recent result of other groups that hydrogen (in this 
case, implanted hydrogen) can neutralize boron acceptors 
in Si. Heating during H + implantation above =rl80°C 
removes this neutralization phenomenon. Further, it was 
eatahllshed that hydrogen implants ran alter the diffusion 
properties of ion implanted boron in Si; however, this was 
not found to be the case for ion implanted As 


TITLE: Final Technical Report. High Efficiency 

Crystalline Si Solar Cells 
AUTHOR: C.T. Sah 

CORPORATE AUTH: C.T. Sah As s or i ates 

DATE: June 15, 1986 

REPORT NO: DOE-JPL 956289 86/1 

ABSTRACT: A review is given in this Final Report of the 

entire research program since its inception ten years ago. 
The initial effort focused on the effects of impurities on 
the efficiency of Si solar cells to provide figures of max 
imum allowable impurity density for efficiencies of up to 
about 16 to 171 (AMI). Highly accurate experimental tech 
nlques (capacitance transient spectroscopy) were extended 
to characterize the recombination properties of the resid- 
ual Impurities in Si solar cells. A novel numerical simu 
lator of solar cells was also developed. It uses the cir 
cuit technique for semiconductor analysis, which has pro 
vided exact theoretical design criteria on the maximum 
allowable impurity density. Recent effort, until the end 
of this program, has focused both on the delineation of 
the material and device parameters which limited the Si 
AMI efficiency to below 20* and on an investigation of 
cell designs to break the 20% barrier. It is shown that 
if all known and newly proposed h 1 gh ef f i c iency design 


criteria were implemented successfully in one cell, they 
could give AMI efficiencies of 20* or higher. These 
include implementing a thin grade-base back-surface field 
by epitaxy, minimizing emitter contact and surface or 
interface recombination losses using high/low emitter 
junctions, removing junction perimeter recombitiat ton 
losses, and maintaining a high-base lifetime. Fabrication 
of such a cell has not been reported although an earlier 
cell design of Green came closest without using a graded 
base or special perimeter loss reduction. Novel designs 
of the cell device structure and geometry can further re- 
duce recombination losses as well as the sensitivity and 
criticalness of the fabrication technology required to 
exceed 20*. These include textur i zed- grooved emitter and 
reflecting back surface for higher absorption, floating 
emitter transistor cell to eliminate emitter bulk and 
surface recombination, and polysilicon emitter and base 
contact barriers to further reduce emitter contact recorn 
blnatlon. These innovative cell designs are essential to 
reach the fundamental or intrinsic limit of 25* efficiency. 
It is concluded that the practical limitation in Si cells 
with efficiency substantially higher than 20* comes from 
recombination of the photogenerated carriers at the resid 
ual impurity and defect recombination centers in the base. 
This calls for further research on the fundamental charac- 
terization of the carrier recombination properties at the 
chemical impurity and physical defect centers It is fur 
ther shown that only c- Si cell technology can be success 
ful in attaining efficiencies greater than 20*. Other 
forms, such as polycrystalline Si and a Si, are unlikely 
to exceed 20* efficiency due to the physical defects in 
these materials. Grain boundaries in the former and 
dangling bonds in the latter are efficient recombination 
sites that cannot be completely passivated by hydrogen or 
other neutralizing impurities and cannot r educe the resid 
ual active recombination center densities to less than 
10 10 cm' 3 
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TITLE: Technology Development Update 

AUTHOR: J.V. Goldsmith and D.B. Bickler 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 1978 

REPORT NO: DOE/ JPL- 101 2 7B and 5101-104 

AVAILABILITY : NTIS, PC A03/MF A01 


ABSTRACT: This document presents copies of the vlewgraphs 

and a condensation of the comments by J.V. Goldsmith and 
D.B. Bickler of the LSA Project at Its 10th PIM, August 16 
and 17, 1978, at Caltech University, Pasadena, California. 
Their presentations focus on the state of the technology 
aimed at achieving the $500/kW goal by 1986. 


TITLE: The Zero Depth Concentrator Phenomenon 

AUTHOR: J.G. Mark and C.H. Volk 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 6, 1979 

REPORT NO: 5101-136 

ABSTRACT: The zero depth concentrator phenomenon, dlscov 

ered by the General Electric Co., refers to the enhancement 
of the solar cell electrical output due to Internally re- 
flected light from the white background of a glass covered 
solar ceil array. We have undertaken to describe this 
enhancement effect in terms of a series of basic models 
which yield an Intuitive understanding of the mechanisms 
and allow tradeoff considerations of some design param 
eters . 


TITLE: LSA Project Basic Sample Preparation Procedures 

and Evaluation of Si Sheet 
AUTHOR: C. Radies 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1979 

REPORT NO: 5101-128 

ABSTRACT: Study of Si material for solar cell fabrication 

Involves various sample preparation and examination tech- 
niques. The procedures for evaluation and characteriza- 
tion of Si are outlined, with special emphasis on the 
techniques for evaluating low cost Si sheets. Standard 
techniques of metallography for evaluation on the basic 
structure of Si material are extensively described. Sur 
face etching, lapping and polishing operations are 
described In detail. Cross-sectional characterization and 
junction evaluation procedures through angle lapping and 
staining techniques are covered. Definitions of terms, 
scope and Important safety precautions are given. These 
are followed by descriptions of procedures, materials and 
equipment to facilitate their effective use In the char 
acterization laboratory. Spreading resistance measure- 
ment, a strong tool in the evaluation of low cost Si 
sheet, Is described with details of the equipment used and 
of operating procedures. Its use is emphasized as a high- 
resolution technique for checking of surface and depth 
homogeneity, multilayer characterization and effects 
associated with precipitates, grain boundaries, inter 
facet, etc. 


TITLE: Near-Term Implementation of Flat-Plate PV 

Coat- Reduct ion Task 
AUTHOR: D.W. Boyd 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1981 

REPORT NO: 5101-180 

ABSTRACT: In early 1978, the DOE committed *4 . 5 million 

to the LSA Project for use from 1979 through 1981 to 
investigate techniques for reducing the cost of producing 
flat- plate PV modules. In response, JPL designated the 
near-term cost reduction of modules to be a distinct 


Project task. JPL invited proposals and evaluated them on 
the b«Bla of maximum potential for producing techniques 
that would lead to near-term cost reduction. Based on 
this evaluation, which included SAMICS computer simulation, 
JPL awarded 14 contracts to Industry and various univer- 
sities for the development and description of cost reduc- 
tion processes for solar cell and solar cell module manu- 
facturing. Predictions of manufacturing cost reductions 
achievable from the Implementation of these process devel- 
opments, on an Individual basis, range from $0.09 to 
$1.76/Wp. Manufacturing cost reductions, greater than 
$2.00/Wp, seem possible by simultaneous implementation 
of several compatible process developments. Several of 
the processes developed within this program are now being 
used in commercial production lines. In some cases, the 
process development itself is commercially available in 
the form of hardware or technology documentation. Project 
task objectives, contract awards, technology development, 
and cost- reduct Ion results are summarized. Complete mod 
ule manufacturing sequences including near-term cost 
reduction process steps are also presented. The term 
"cost,” as used in this report, usually means cost to 
consumer. Cost reduction is measured at JPL by using the 
SAMICS method, which Includes a reasonable rate of return 
on equity, income taxes, and all other normal costs of 
doing business . 


TITLE : Vacuum Lamination of PV Modules 

AUTHOR: D.R. Burger 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 198? 

REPORT NO: DOE- JPL 1012-63, and 5101-188 

AVAILABILITY: NTIS, PC A02/MF A01 

ABSTRACT: Vacuum lamination of terrestrial PV modules is 

a new high-volume process requiring new equipment and 
newly developed materials. Equipment development, 
materials research, and some research in related fields 
and testing methods are discussed. 


TITLE: Development of a Large, Low Cost, Double -Ch amber 

Vacuum Lamlnator 
AUTHOR: D.R. Burger 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 15, 1983 

REPORT NO: DOE-JPL 1012-83, JPL Pub. 83-22, 5101-226 

AVAILABILITY: NTIS, PC A03/MF A01 . 

ABSTRACT: A double- chamber vacuum lamlnator was required 

to investigate the processing and control of the fabrica- 
tion of large terrestrial PV modules, and the economic 
problems arising therefrom. Major design considerations 
were low cost, process flexibility and the exploration of 
novel equipment approaches. Spherical end caps for indus 
trial tanks were used for the vacuum chambers. A stepping 
programmer and adjustable timers were used for process 
flexibility. New processing options were obtained by use 
of vacuum sensors. The upper vacuum chamber was provided 
with a diaphragm support to reduce diaphragm stress. A 
counterweight was used for handling ease and safety. Heat 
was supplied by a large electrical strip heater. Thermal 
isolation and mechanical support were provided Inexpen- 
sively by a bed of Industrial marbles. Operational 
testing disclosed the need for a differential vacuum gauge 
and proportional valve. Reprogramming of the process 
control system was simple and quick. 


TITLE: Proceedings of the FSA Research Forum on PV 

Metallization Systems 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 15, 1983 

REPORT NO: DOE-JPL 1012-92, JPL Pub. 83-93, 5101-239 

AVAILABILITY: NTIS, PC A18/MF AOl ; 1 

ABSTRACT: A PV Metallization Research Forum, under the 

sponsorship of FSA and DOE, was held March 16 18, 1983 at 
Pine Mountain, Georgia. The Forum consisted of five 
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sessions, covering: (1) the current status of metallization 
systems , (2) system design, (3) thick-film metallization, 
(4) advanced techniques, and (5) future metallization 
challenges. Twenty-three papers were presented. 


TITLE: Summary Report on PV Thick Film Hetal li zat ion 

Systems 

AUTHOR: B.D. Gallagher and J. Parker 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 1984 

REPORT NO: JPL D-1786, and 5101-255 

ABSTRACT: JPL’s Automated Array Assembly Task (currently 

known as the Process Development Area) was assigned the 
objective of developing the technology for volume low-cost 
processes to produce Si solar cells and modules suitable 
for terrestrial applications. The existing state of-the 
act technology was assessed to identify the most cost 
effective conceptual approaches. Rather early in both the 
Assessment and Process Development Phases, the economics 
of the required metallization system were noted to be a 
basic cost driver. This document is a summary of the 
development studies on the use of thick- film metallization 
systems as the conductive member of the cell structure. 


TITLE: Environmental Testa of Hetall ization Systems for 

Terrestrial PV Cells 
AUTHOR: P. Alexander, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 31, 1985 

REPORT NO: DOE-JPL 1012-113, JPL Pub. 85-86, 5101-280 


ABSTRACT: Seven different solar cell metallization systems 

were subjected to temperature cycling tests and humidity 
tests. Temperature cycling excursions were -50°C to 
150°C per cycle. Humidity conditions were 98% relative 
humidity at 70°C . The seven metallization systems were: 
Tl/Ag; Ti/Pd/Ag; Ti/Pd/Cu; Nl/Cu; Pd/Ni /Solder ; Cr/Pd/Ag; 
and Thick Film Ag . Graphs of the environmental exposures 
versus cell efficiencies are presented for each of the 
metallization systems, as well as environmental exposures 
versus fill factors or series resistance. 
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TITLE: Final Report. Failure and Degradation Analyses. 

MITRE Solar Energy Test System Evaluation 
CORPORATE AUTH: Solarex Corp. 

DATE: April 1976 

REPORT NO: ERDA-JPL 954341 

ABSTRACT: The objective of the contract was to perform 

Failure and Degradation Analyses on not more than three of 
the 136 Solarex Unlpanels ™ In Mitre’s 859 v p solar 
array. This report details the observations and experi- 
ments performed on the two such Unipanel9 already in 
Solarex’s possession. Individual Unlpanels are the basic 
’’building blocks” In the assembly of the 50 W p modules 
that comprise the Mitre array. These panels were rated by 
Solarex to deliver a minimum of 6 W p and were so arranged 
in groups of eight to deliver 50 W p / module. The two 
Unlpanels that are the subject of this report were received 
from the Mitre Corp. In August 1975. These two panels 
subsequently labeled "Mitre A^” and Mitre A^" , were 
described by Mitre officials at that time as "operational" 

{ A^ ) and "open" (Aj>. 


TITLE: Final Report. Solar Cell Testing Vol. 2, 

Appendix IV 

AUTHOR: A.S. Cherdak and CM. Haas 

CORPORATE AUTH: The Mitre Corp. 

DATE: May 1976 

REPORT NO: ERDA JPL 95434? 

ABSTRACT: In 1974, the MITRE Corporation purchased and 

installed on the roof of its building In McLean, Virginia, 
a 1 kilowatt peak PV arry consisting of 20, 50 W panels. 
These solar panels represented the state-of-the art In 
terrestrial PV at the time. The primary purpose for 
establishing the MITRE Photovoltaic Array was to build a 
tool with which problems of designing, Integrating, and 
operating terrestrial PV power systems could be studied. 
Little attention was paid initially to monitoring the 
array itself due to preoccupation with the overall system 
design and Installation. During and after the first year 
of exposure to the environment, a variety of changes were 
noticed in many of the panels: a reduction in short clr 

cult currents and reduced power output from the array. 
MTTRE, funded by ERDA through JPL, undertook to Invest! 
gate more thoroughly these apparently degraded panels. 
MITRE proceeded to fahricate and install a data acquis! 
tlon system, discussed in detail in this report, to pro 
vide more accurate and consistent measurements, in situ, 
of all of the panels and modules in the array The I V 
curves measured in this program show that the Solarex 
panels have a much lower output power than the other 
panels In the array. In fact, they measure significantly 
lower than their original power rating. The poor fill 
factors obtained from these panels suggest a high series 
resistance. Visual observation of the physical condition 
of these panels after two years of exposure to the ter- 
restrial environment shows significant deterioration of 
the packaging materials. 


TITLE: Final Technical Report. Development of Methods 

and Procedures for High Rate Low Energy 
Expenditure Fabrication of Solar Cells 
AUTHOR: A.R. Kirkpatrick, J.A. Mlnnuccl, A.C. Greenwald 

CORPORATE AUTH: Spire Corp. (Simulation Physics, Inc.) 

DATE: November 15, 1976 

REPORT NO: DOE JPL 954289 76/4 

ABSTRACT: A one year program to develop a new concept for 

Si solar cell production based upon the use of pulsed elec- 
tron beam processes combined with Ion implantation has been 
completed. Feasibility of producing solar cells at high 
speed by a simplified vacuum room temperature processing 
sequence has been demonstrated. The method has many 
advantages, particularly for large scale production at 
lowest possible cost. 


TITLE: Final Report. Terrestrial Solar Cell Module 

CORPORATE AUTH: ARCO Solar, Inc. 

DATE: January 1977 

REPORT NO: DOE-JPL 954751-78/1 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: ASI’s objective on this program was to estab- 

lish a coat effective design and manufacturing process 
that would produce solar cell modules capable of meeting 
the JPL qualification teat criteria. Emphasis was placed 
on the development of an aluminum paste back contact 
process. The use of aluminum paste as a Si solar cell 
back contact has the potential advantage of low resistance 
at low temperature firing and a highly doped p + region 
contributing to improved cell putput. The aluminum has a 
substantial cost advantage when compared to silver paste. 


TITLE: Final Report. Transparent Superstrata Terrestrial 

Solar Cell Module 

CORPORATE AUTH: Lockheed Missiles & Space Co., Inc. 

DATE: October 1977 

REPORT NO: DOE-JPL 954653 77/1 

ABSTRACT: The mechanical features of the module design 

incorporate high transmission glass 9uperstrate, custom 
extruded aluminum side and end rails, a backside center 
stiffening web which also served as a mounting for two 
electrical output connectors, and three compliant grommets 
for mounting the unit into subarray frames. The electrical 
portion of the design incorporates 3-in. dia circular cells 
from two vendors. The modules fabricated during the pro- 
gram are representative of the general design and of ter 
restrlal cells currently available. To assess the value 
of primed versus unprlmed glass, selected modules used no 
primer and other used two types of silicone primer. Also 
to gain additional comparative data in this developmental 
program, two types of encapsulAnts were used. Two methods 
of frame mechanical fastening were assessed, self drilling 
tapping screws and blind or pop rivets. Riveting was 
found to be far superior. 


TITLE: Final Report. Automated Array Assembly Task 

Phase I 

AUTHOR: B.G. Carbajal 

CORPORATE AUTH: Texas Instruments, Inc. 

DATE: October 1977 

REPORT NO: DOE-JPL 954405 77/7 

AVAILABILITY: NTIS, PC A10/MF A01 

ABSTRACT: This contract consists of an assessment of the 

state-of-the-art technologies that are applicable to Si 
solar cell and solar cell module fabrication. The assess 
ment consists of a technical feasibility evaluation and a 
cost projection for high-volume production of Si solar 
cell modules. A novel approach to metal pattern design 
based on minimum power loss was developed. The quan- 
titative nature of the design equations provided a solid 
technical basis for the choice of a metallization technol 
ogy . A hermetic module was proposed that has a high pro 
ball 11 ty of meeting the 20 yr life goal. Solar cell 
processing and module fabrication cost projections exceed 
the 1985 coat goal by only a factor of 3. 


TITLE: Final Technical Report. Automated Array Assembly 

AUTHOR: R.V. D'Alello 

CORPORATE AUTH: RCA Corp. 

DATE: December 1977 

REPORT NO: DOE-JPL 954352 77/4 

AVAILABILITY: NTIS, PC A08/MF A01 

ABSTRACT: This report contains three main sections which 

describe technology assessment and manufacturing cost 
analysis; a near term (1982) factory design; and the 
results of an experimental production study for the large 
acale production of flat panel Si solar-cell arrays. We 
have found a minimum manufacturing cost in a highly auto 
mated line of 10.30/W assuming the Si Is free. The panels 
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ar« of a double-glass construction and are based on round 
wafers. Screen-printed silver has been used as the metal- 
lization with a spray-coated AR layer. The least expensive 
junction-formation technology appears to be Ion Implanta- 
tion. Based on the required Investment, a profit of 
$0.05/V appears reasonable. If Si wafers are available at 
a price of $20 to 40/M 2 , a selling price for these array 
modules of $0.50 to 0.66/W Is projected. An analysis of 
the impact of factory size in the 1986 time frame has been 
made. A factory processing 50HW/yr using the same 
technology would sell modules for $0.54/W to 0.70/W. 


TITLE: Final Report. Energy Requirement for the 

Production of Si Solar Arrays 
AUTHOR: Joseph Llndmayer 

CORPORATE AUTH: Solarex Corp. 

DATE: December 1977 

REPORT NO: DOB-JPL 954606 77/4 

AVAILABILITY: NTIS, PC A07/HF A01 

ABSTRACT: This report Investigates the feasibility of 

manufacturing PV solar array modules by the use of energy 
obtained from similar or identical PV sources. The pri- 
mary objective was the characterization of the energy 
requirements of current and developing technologies which 
comprise the PV field. These energy requirements were 
subsequently compared to the energy production potential 
of a future solar power plant and, as a result, the 
concept of the SOLAR BREEDER was refined and manifested 
In a computer program. The breeder model allows to take 
the energy requirements for any PV technology Into account 
and calculate Its energy economics. The report documents 
the energy assessment of the prevailing technologies and 
many alternative technologies currently under development. 
For cross-checking the energies of prevailing technologies 
Solarex data were also used and the wide range assessment 
of alternative technologies Included different refinement 
methods, various ways of producing light sheets, semi- 
crystalline cells, etc. These energy data are utilized to 
model the behavior of a future SOLAR BREEDER plant under 
various operational conditions. 


TITLE: Final Report. Phase I of the Automated Array 

Assembly Task 

AUTHOR: R.A. Pryor, L . A . Grenon, and M.G. Coleman 

CORPORATE AUTH: Motorola, Inc. 

DATE: January 1978 

REPORT NO: DOF.-JPL 954363 78/8 

ABSTRACT: The first portion of the report presents the 

results of a study of process variables and solar cell 
variables. Emphasis In this portion is on identifying 
interactions between variables and their effects upon 
control ranges of the variables. The second portion of 
this report presents the results of a detailed cost 
analysis for manufacturing solar cells. This cost 
analysis includes a sensitivity analysis of a number of 
key cost factors. 


TITLE: Final Report. Assessment of Present 

State-of-the-Art Sawing Technology of Large 
Diameter Ingots for Solar Sheet Material 
AUTHOR: H.I. Yoo 

CORPORATE AUTH: Applied Solar Energy Corp. 

(Optical Coating Laboratory, Inc.) 

DATE: February 1978 

REPORT NO: DOE- JPL 954830 78/2 

AVAILABILITY: NTIS, PC A07/MF A01 

ABSTRACT: The objective of this program is to assess the 

present state-of-the art sawing technology of large diam 
eter Si ingots (3** and 4” dia) for solar sheet materials. 
During this program, work has progressed in: (1) Slicing 

of the ingots with MBS saw, the MWS saw and the ID saw, 

(2) Characterization of the sliced wafers, and <3) 

Analysis of add-on slicing cost based on SAM1CS. MWS 
slicing resulted in mechanical wafer yields of 951. for the 


3 M dia Ingot and 84% for the 4 M dia ingot (using a 230 
blade package to cut 6" ingot in length). A slicing test 
with the I.D. saw was performed to obtain mechanical yield 
versus both wafer thickness and cut rate, and the result 
showed a good yield (above 95%) down to 7-8 mile of wafer 
thickness of the 3" wafers and 11-12 mils for the 4 M wafers 
if the cut rates were reduced to one (1) inch/mln. An 
ingot of 3" in dia and 3'* In length was sliced with a 
multiwire slurry saw to obtain wafer yield of about 97%; 

163 wires were used, and wafer thickness and kerf width 
were 10-1 mils and 8 mils respectively. Thickness, taper, 
bow, and roughness were measured to characterize the sliced 
wafers. Add-on slicing cost was evaluated based on SAMICS 
for three slicing types. 


TITLE: Final Report. Spraylon Fluorocarbon Encapsulation 

for Si Solar Cell Arrays 
AUTHOR: L.G. Naes 

CORPORATE AUTH: Lockheed Missiles & Space Co., Inc. 

DATE: April 1978 

REPORT NO: DOE- JPL 954410 78/1 

ABSTRACT: This program was a R&D program to evaluate the 

Lockheed formulated liquid transparent film-forming, fluro- 
carbon, SPRAYLON, protective coating for terrestrial solar 
cell modules. Two modules were completed and field-tested 
for periods of up to two weeks. Problems developed early 
in the field testing which led to the shortened test 
period, specifically, lifting of the AR coating, followed 
in aome areas by complete film del ami nat l on . 


TITLE: Final Report Development of Low Cost, High 

Energy Per-Unit Area Solar Cell Modules 
AUTHOR: S.S. Rhee 

CORPORATE AUTH: Photowatt International, Inc. 

(Sensor Technology, Inc.) 

DATE: April 1978 

REPORT NO: DOE JPL 954605 78/5 

AVAILABILITY: NTIS, PC A08/MF A01 

ABSTRACT: Development of low-cost, high energy-per unit 

irei solar cell modules was conducted in this program. 

This final report covers the development of two hexagonal 
solar cell process sequences, s laser scribing process 
technique for scribing hexagonal and modified hexagonal 
solar cells, a large through-put diffusion process, and 
two surface macrostructure processes suitable for large 
scale production. Experimental analysis was made on auto 
mated spin on AR coating equipment and high pressure wafer 
cleaning equipment. Six hexagonal solar cell modules were 
fabricated. Also covered In this report Is a detailed 
theoretical analysis on the optimum Si utilization by 
modified hexagonal solar cells for low cost, high energy 
per-unit area solar cell modules. 


TITLE: Final Report. Design and Fabrication of Solar 

Cell Modules 

AUTHOR: TP. Shaughnessy 

CORPORATE AUTH: Spire Corp. 

DATE: April 1978 

REPORT NO: 954655 78/1 

ABSTRACT: This program achieved its objective of producing 

12 solar cell modules utilizing ion implanted solar cells 
and an all glass encapsulation system. These modules have 
exhibited only cosmetic degradation after environmental 
testing. The principal problem encountered was the forma 
tion of bubbles in the Si gel due to gasket air leakage 
during thermal cycling. Developmental effort, after deliv- 
ery of the modules to JPL, indicates that this can be rec- 
tified by the use of polysulfide gasket. Significant im 
provements in the module design that can be recognized are 
the use of tempered, low iron content glass for increased 
module output, and the substitution of a custom aluminum 
extrusion for reduced weight and increased rigidity. 
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TITLE: Pinal Report. High Efficiency, Long Life 

Terrestrial Solar Panel 
AUTHOR: S. Khemthong 

CORPORATE AUTH : Applied Solar Energy Corp. 

(Optical Coating Laboratory, Inc.) 

DATE: April 1978 

REPORT HO: DOE-JPL 954831 78/3 

ABSTRACT: Six high efficiency, long life terrestrial 

modules were designed, fabricated and delivered to JPL. 

The module utilized 256 large area, rectangalar, high 
efficiency solar cells. A flexible, overlapping design to 
connect cells in series was used to maximize the packing 
density. The efficiency of the six modules delivered, 
based on the overall dimensions at 100 mW/cm 2 and 28°C 
is tabulated in Table 2, and the contract goal of 13* 
array efficiency was achieved. 


TITLE: Pinal Report. Center Punched Solar Cell Module 

Development Effort 

AUTHOR: R.E. Ross and W.E. Mortensen 

CORPORATE AUTH: Xerox Corp. 

DATE: June 1978 

REPORT NO: DOE-JPL 954693-78/1 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: This report describes the results of an advanced 

module development program with the objective of providing 
a low cost solar cell mechanical interconnect design. The 
design approach, which avoids soldering or welding opera 
tions, lends itself to automated assembly techniques thus 
supporting the LSA Project goals. A total of 12 modules 
were delivered to JPL for qualification testing. The 
first group of six modules contained aluminum palladium 
contact cells. This final report discusses the module 
design, manufacturing procedure, test program, significant 
problem areas and solutions, and conclusions and recom 
mendations as formulated and conducted by XEOS. 


TITLE: Final Report. EFG Solar Modules 

CORPORATE AUTH: Mobil Solar Energy Corp. 

(Mobil Tyco Solar Energy Corp.) 

DATE: September 1978 

REPORT HO: DOE-JPL 954999-78/1 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: Six PV modules using solar cells fabricated from 

Si ribbons were assembled. Each module was comprised of 4 
separate submodules which were parallel connected. The 
submodules contained 45 EFG cells which were series inter- 
connected by a "shingle” or overlapping design. The inher- 
ent rectangular shape of the cells allowed a high packing 
factor to be achieved. The average efficiency of the 6 
modules, corrected to AMI at 28°C was 8.7*, which indi- 
cates that the average encapsulated cell efficiency was 
10. OX. 


TITLE: Final Report. Phase 2, Automated Array Assembly, 

Task IV 

CORPORATE AUTH: Lockheed Missiles and Space Co., Inc. 

DATE: October 1978 

REPORT NO: DOE-JPL 954898 78/4 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: This contract was a process development effort 

to verify the technological readiness of a selected pro- 
cess sequence from that as-sawn Cz grown Si wafers to the 
module assembly. The process investigated consisted of 
the following sequence: Starting Material: 3-in. as sawn 

Cz Si wafers; texture etching of Si wafers using sodium 
hydroxide; junction formation by ion implantation of 
phosphorus; laser annealing of ion implanted wafers; 
screen printing of AG, AG-AL for ohmic contact; spraying 
of tantalum oxide AR coating; and assembly of modules 
using the LMSC module design as baseline. This selected 
process sequence was evaluated for its technical potential 
of achieving the economic goals of the Project of $.50/W 


for 500 megawatt/yr production by 1986. Evaluation 
procedures and results are reported. 


TITLE: Final Report. Development and Testing of 

Shingle-Type Solar Cell Modules 
CORPORATE AUTH: General Electric Co. 

DATE: February 28, 1979 

REPORT NO: DOE-JPL 954607- 79/4 

AVAILABILITY: NTIS, PC A07/MF A01 

ABSTRACT: The design, development, fabrication and 

testing of a shingle type terrestrial aolar cell module 
which produces 98 V/m 2 of exposed module area at 1 kW/m 2 
insolation and 61°C are reported. These modules make it 
possible to easily incorporate PV power generation into 
the eloping roofs of residential or commercial buildings 
by simply nailing the modules to the plywood roof sheath- 
ing. This design consists of nineteen series-connected 
53mm dla solar cells arranged in a closely packed hexagon 
configuration. These cells are individually bonded to the 
embossed surface of a 3mm thick thermally tempered 
hexagon-shaped piece of ASG SUNADEX glass. Monsanto 
SAFLEX PVB is used as the laminating adhesive. RTVI I 
functions as the encapsulant between the underside of the 
glass superstrate and a rear protective sheet of 0.8mm 
thick TEXTOLITE . The semi flexible portion of each single 
module is a composite laminate construction consisting of 
outer layers of F.G. Goodrich FLEXSEAL and an epichloro 
hydrin closed cell foam core. The module design has 
satisfactorily survived the JPL-defined qualification 
testing program which includes 50 thermal cycles between 
-40 and +90°C, a seven day temperature humidity exposure 
test and a mechanical integrity test consisting of a bidl 
recti ona 1 cyclic loading at 2390 Pa (50 lb/ft 2 ) which is 
Intended to simulate loads due to a 45 m/s (100 mph) wind. 


TITLE: Final Report. High Efficiency, High Density 

Terrestrial Panel 
AUTHOR: j. Wohlgemuth 

CORPORATE AUTH: Solarex Corp. 

DATE: February 1979 

REPORT NO: DOE-JPL 954822 78/1 

AVAILABILITY: NTIS, PC A08/MF A01 

ABSTRACT: Most commercially available PV modules employ 

the standard round cells. Because of the geometry limita- 
tions the packing density in these panels is typically 60 
to 70*. The low packing density results in total area 
panel efficiencies of 6 to 7%. with these low efficien- 
cies, excess encapsulation, framing and mounting materials 
are required per watt of power delivered, thereby signifi- 
cantly increasing the cost per watt to the consumer. Tn 
addition, because of the low panel efficiency many poten 
tlal applications, with limited area available for array 
deployment, are not feasible. Solarex has developed the 
technology for producing large area square and rectangular 
cells with high <14 to 15*) conversion efficiencies at AMI 
(lkW/m ) at 28°C. In this program terrestrial panels 
have been fabricated using these rectangular cells result- 
ing in the achievement of packing densities in excess of 
90* with panel conversion efficiencies greater than 13* 
being obtained. Most importantly, higher density panels 
can be produced today on a cost competitive basis with the 
standard salami panels, with bright prospects of signif- 
icant cost reductions in the near future. 


TITLE: Final Report. High Efficiency Cell Development 

AUTHOR: B.G. Carbajal 

CORPORATE AUTH: Texas Instruments, Inc. 

DATE: February 1979 

REPORT NO: DOE-JPL 954881 79/5 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: The goal of this specific activity was to 

improve the Texas Instruments developed TJC as a high 
efficiency solar cell. The TJC development must be con- 
sistent with module assembly and should contribute to the 
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overall goal* of the LSA Project. During 1978, TJC excess 
of 42 mA/cm 2 were observed at AMO. Open circuit voltages 
as high as 0.615 V were measured at AMO. Fill factor was 
only 0.68 - 0.75 due to a non-optimum metal contact design. 
A device model was conceived in which the solar cell is 
modelled as a transistor. This model will be very useful 
in directing future development activities. The planar 
back contact system of the TJC coupled with the high cell 
efficiency makes the TJC an excellent candidate solar cell 
for the fabrication of high efficiency modules, since there 
are virtually no interconnect or packing factor losses. 

The TJC is compatible with all conventional module fabrica- 
tion systems. The back contact system lends Itself readily 
to series, parallel or ser ies- paral lei interconnect 
schemes. A modification of the TJC, the FSF cell was also 
explored. The FSF cell using a floating p + layer on the 
front of the cell in place of the n + layer of the TJC. 

The FSF cell also features the planar back contact 
system. Photoresponse of FSF cells, while good, was not 
quite as good as the TJC. 


TITLE? Final Report. Metallization of Large Si Wafers 

AUTHOR: R.A. Pryor 

CORPORATE AUTH: Motorola, Inc. 

DATE: March 1979 

REPORT NO: DOE-JPL 954689 78/4 

AVAILABILITY: NTIS , PC A07/MF A01 

ABSTRACT: A metallization scheme has been developed which 

allows selective plating of Si solar cell surfaces. The 
system Is comprised of three layers Palladium, through 
the formation of palladium slllcide at 300°C in nitro- 
gen, makes ohmic contact to the Si surface. Nickel, 
plated on top of the palladium slliclde layer, forms a 
solderable interface. Lead tin solder on the nickel 
provides conductivity and allows a convenient means for 
Interconnection of cells. To apply this metallization, 
three chemical plating baths are employed. Palladium is 
deposited with an immersion palladium solution and an 
electroless palladium solution, and nickel Is deposited 
with an elecroless nickel solution. Solder is applied 
with a molten solder dip. Extensive development work has 
been performed to achieve an effective immersion palladium 
slliclde contact layer. This metallization system has 
been repeatedly demonstrated to be extremely effective. 
Current- volt age characteristic curve fill factors of 78% 
are easily achieved. This has been done while maintaining 
metal contact adhesion at such a strength as to fail by 
fracturing Si upon perpendicular pull testing rather than 
by delaminating the metal system. Demonstrations have 
been performed on a laboratory scale using beakers, hot 
plates, and lots of 24 three in. dia solar cells. On this 
basis, process specifications and procedure have been pre 
pared. The laboratory process could be easily scaled to 
full production volume. Although this metallization 
system has been shown to be cost effective in Its present 
state of readiness, specific areas have been Identified 
which would profit from additional development, leading to 
appreciable further cost reductions which would make the 
metallization cost a minor factor in 50</W solar cell 
economics. A document, "Material, Supply, and Process 
Specifications and Procedures for Metallization of Large 
Silicon Wafers with the Palladium Nickel Solder Metal- 
lization System, " has been prepared and will be available 
from JPL upon request. 


TITLE: Final Report. Development of Economical Improved 

Thick Film Solar Cell Contact 
CORPORATE AUTH: Bernd Ross Associates 

DATE: April 1979 

REPORT NO: DOE-JPL 955164-77/2 

AVAILABILITY: NTIS 

ABSTRACT: Materials were surveyed to provide candidates 

for an all metal electrode paste system. These consisted 
of a major constituent metal powder, a low melting metal 
powder material suitable as an etchant for Si dioxide at 
sintering temperatures. By means of thermal gravimetric 


analysis, a suitable binder was identified for low temp- 
erature fired inks. The all metal ink concept was first 
demonstrated with the silver system to avoid the problems 
of limited process windows encountered with base metal 
systems. A number of solid materials capable of selec- 
tively etching Si dioxide at modest temperatures were 
identified. The results of the study suggest further 
experimentation with eutectic additives to enable forma- 
tion of a thin highly doped regrowth layer. 


TITLE: Final Report. Development of Pulsed Processes for 

the Manufacture of Solar Cells 
CORPORATE AUTH: Spire Corp . 

DATE: April 1979 

REPORT NO: DOE-JPL 954786 79/7 

AVAILABILITY: NTIS, PC A02/MF AOl 

ABSTRACT: This report describes the results of a one and 

a half year program to develop the processes required for 
low-energy ion Implantation for the automated production 
of Si solar cells. The program included (1) demonstrating 
state-of-the-art ion implantation equipment and designing 
an automated ion implanter, <2> making efforts to improve 
the performance of Ion- implanted solar cells to 16.5% AMI, 
(3) developing a model of the pulse annealing process used 
in solar cell production, and (4) preparing an economic 
analysis of the process costs of ion Implantation and 
furnace annealing. During the program, phosphorus ions at 
an energy of 10 keV and dose of 2 x 10 ls cnT 2 were 
implanted in Si solar cells to oroduce junctions, while 
boron ions at 25 keV and 5 x lO^cm -2 were implanted 
in the cells to produce effective back surface fields. An 
ion Implantation facility with a beam current up to 4 mA 
and a production throughput of 300 wafers per hour was 
designed and installed. A design was prepared for a 
100-mA, automated implanter with a production capacity of 
100 MW e per year. Two process sequences were developed 
which employ ion implantation and furnace or pulse anneal 
Ing. The JPL SAMIS computer program was used to determine 
costs for junction formation by ion Implantation and 
various furnace annealing cycles to demonstrate cost 
effectiveness of these methods. 


TITLE: Final Report. Solar Cell Modules with Parallel 

Oriented Interconnections 
CORPORATE AUTHOR: Motorola, Inc. 

DATE: June 1979 

REPORT NO: DOE JPL 954716 79/1 

AVAILABILITY: NTIS, PC A02/MF AOl 

ABSTRACT: This contract provided for delivery of 24 solar 

modules, half of which were to be 48 cells in an all series 
electrical configuration and half of a 6 paralleled cells 
by 8 series cells. Upon delivery of environmentally tested 
modules to JPL. low power outputs were discovered. These 
low power modules were determined to have cracked cells 
which were thought to cause the low output power. The 
cracks tended to be circular or linear, which were caused 
by different stressing mechanisms. A subsequent contract 
amendment to the original contract was made to fully 
explore these stressing mechanisms. The contract 
amendment also provided for delivery of 36 cells with 
selected interconnect configurations and two additional 
modules. The series-parallel configuration modules were 
also changed to 4PX12S. Efforts were undertaken to deter 
mine the causes of cell fracture. This resulted in module 
design and process modifications, foremost among which was 
the decision to utilize a multiple back contact intercon 
nect design. The design and process changes were subse 
quently implemented in production. 


TITLE: Final Report. Evaluation of the Technical 

Feasibility and Effective Cost of Various 
Thickness for the Manufacture of Solar Cells 
CORPORATE AUTH: Solarex Corp. 

DATE: July 1979 

REPORT NO: DOE JPL 955077-79/5 

AVAILABILITY: NTIS, PC A06/MF AOl 
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ABSTRACT: The principal activities in the performance of 

thi* contract effort include practical evaluation of the 
Yaaunaga YQ-100 saw In a production environment. The 
watering system is a free-abrasive multiple- loop single 
wire machine where the number of wafers/cm is determined 
by the wire pitch. in addition, the effects of wire 
diameter and abrasive size were studied. Solar cells were 
manufactured from each saw run to analyze surface damage 
and effects of varying thickness on efficiency. 


TITLE: Final Report. Automated Array Assembly Task 

In-Depth Study of Si Wafer Surface Texturizing 
AUTHOR: G. T. Jones 

CORPORATE AUTH: Photowatt International, Inc. 

(Sensor Technology, Inc.) 

DATE: July 1979 

REPORT NO: DOE-JPL 955266-79/2 

ABSTRACT: An In-depth study of Si wafer surface 

texturizing was conducted in this program, The work 
discussed in this final report covers four tasks. Task 
( 1 ) investigated a low-cost cleaning method that utilized 
recycled Freon in an ultrasonic vapor degreaser to remove 
organic and inorganic contaminants from the surface of Si 
wafers as received from Si suppliers. Task (2) demon- 
strated the use of clean dry air and high throughput wafer 
batch drying techniques to lower the cost of wafer drying. 
Task (3) examined the two stage texturizing process for 
suitability in large scale production. Task (4) performed 
an in depth getterlng study with the two stage texturizing 
process for the enhancement of solar cell efficiency, 
minimization of I-V curve dispersion, and improvement in 
process reproducibility. 


TITLE: Final Report. A New Method of Metallization for 

Si Solar Cells 
AUTHOR: M. Macha 

CORPORATE AUTH: SOL/LOS Inc. 

DATE: September 1979 

REPORT NO: DOE-JPL 955318-79/3 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: The new metallization process based on Mo Sn 

system is the subject of this nine months program. H 0 O 3 
Is used as the source of Mo, since its relatively low 
melting point and ease of reduction to metallic molyb 
denum. The first part of the contract, the reaction 
mechanism study of H 0 O 3 and its mixture with Sn, was 
conducted in an experimental station consisting of a 
graphite strip-heater and a Pyrex belljar, under close 
control of temperature atmosphere time, while allowing 
visual observations of the reactions. The metallization 
of the cells was done in a diffusion tube furnace. In 
order to obtain a low ohmic contact to the cell, the basic 
ink composition was modified with a small addition of 
titanium in the form of titanium reslnate. The electrical 
characteristics of the cells were comparable with the 
existing metallization processes. The firing cycle still 
has to be optimized for the process used in the continuous 
conveyor belt furnsce, especially in the cooling cycle 
around 450°C, which indicated a significant effect on 
the electrical characteristics. The cost analysis of the 
process was based on projected production output of 
1 MW/yr, using 2" dia. Si crystal wafers and the current 
material cost. Therefore the calculated cost deviates 
from the projected price goal set up for the year 1986. 

In comparison with the standard processes using silver as 
the contacting metal, the saving obtained by the use of 
this new process is a direct result of the price difference 
between silver and molybdenum oxide with tin. 


TITLE: Final Report. Phase 2 of the AAA Task 

AUTHOR: R . B . Campbell 

CORPORATE AUTH: Westinghouse Electric Corp. 

DATE: October 1979 

REPORT NO: DOE JPL 954873-79/8 

AVAILABILITY: NTIS, PC A07/MF A01 


ABSTRACT: The process sequence for the fabrication of 

dendritic web Si into solar panels has been modified to 
include aluminum back surface field formation. Sputtering 
is the preferred method for depositing the aluminum. 

Plasma etching has been shown to be a feasible technique 
for pre-diffusion cleaning of the web. This would replace 
wet chemical cleaning. Several contacting systems have 
been studied. The total plated Pd Nl system (Motorola 
Process) is not compatible with our process sequence* 
however, the evaporated TlPd- electroplated Cu system’has 
been shown stable under life testing. Ultrasonic bonding 
parameters have been determined for various Interconnect 
and contact metals but the yield of the process is not 
sufficiently high to use for module fabrication at this 
time. over 400 solar cells, about 11 cm? in area have 
been fabricated according to the modified sequence No 
sub-process Incompatibility was seen. These cells have 
been used to fabricate four demonstration modules. A cost 
analysis (SAMICS) of the modified process sequence resulted 
in a selling price of *0.75/V p <1980* in 1986). 


TITLE: Final Report. Development of Economical Improved 

Thick Film Solar Cell Contact 
CORPORATE AUTH: Bernd Ross Associates 

DATE: December 1979 

REPORT NO: DOE-JPL 955164-79/4 

ABSTRACT: In the second half of the investigation of all 

metal screened electrodes, the focus was on base metal 
pastes in addition to further work with the silver systems 
Contact resistance measurements were refined. A facility 
allowing firing in hydrogen and other atmospheres was 
•cquired. Several experiments were made applying screen- 
•ble pastes to .olar cells. Doping investigations emphs 
sized eutectic alloya reduced to powders. Metal systems 
were reviewed. A previously published vspor pressure 
curve for silver flourlde was corrected. Base metal 
experiments were done with nickel and copper using lead 
and tin as the frit metals. No electrical experiments 
were done with the nickel ink. 


TITLE: Final Report. Production Management 

CORPORATE AUTH: Theodore Barry and Assoc i at 

DATE: January 1980 

REPORT NO: DOE-JPL 955519-80/1 


Handbook 

es 


ABSTRACT: This handbook, which supplements the SAMIS 

model , will ami St LSA production manager, in reducing the 
coat of tolar array,. While the handbook Include, mathe 
mat leal models, it provides more than a set of analytical 
techniques. It discusses general principles for produc- 
tion economics, aggregate planning, facility design, pro 
duction control, inventory management , quality control 
maintenance management, materials handling, market strategy 
and risk management. The handbook emphasizes cost control 
and caaource utilization. The general principle, involve 
information measurement and evaluation. The objectives of 
the Production Management Handbook are to: Outline 

decision-making processes for cost-effective production* 
Develop industrial engineering tools applicable to the PV 
industry. Specifically, the handbook provides analytical 
models and algorithms to address: Production scheduling 

strategies; Inventory levels and storage requirements; 
Production process design and flow rates; Quality control 
criteria and implementation; Maintenance and outage 
strategies; Material handling methods; Market strategy, 
risk management, and contingency planning. 


TITLE: Final Report. Evaluation of Ion Implanted Si 

AUTHOR: P. A. lies 

CORPORATE AUTH: Applied Solar Energy Corp. 

(Optical Coating Laboratory, Inc.) 

DATE: February 1980 

REPORT NO: DOE JPL 955118 80/2 

ABSTRACT: This contract is a three way joint effort, 

between California Institute of Technology, jpl and OCLI . 
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Th® Roil is to investigate the potential for reduced cost 
ion- implant it Ion to fabricate low cost solar cells. The 
team obtains overall guidance and some support related to 
low cost Ion sources from JPL, Caltech performs all lon- 
implants (including variations In energy, fluence and Ion 
species) and OCLI provides suitable Sl slices, and proces- 
ses and evaluates the implanted wafers as solar cells 
using a "baseline" process. To date about 280 slices have 
been prepared. Implanted, and processed as cells. The 
detailed summary of the cell performance as a function of 
the various Ion Implantation parameters Is contained In 
the Caltech final report on this phase of the work. 


TITLE: Final Report. Phase 2 of the AAA Task 

AUTHOR: M.G. Coleman, et al. 

CORPORATE AUTH: Motorola, Inc. 

DATE: March 1980 

REPORT NO: DOE-JPL 954847-80/8 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: Several specific processing steps, as part of a 

total process sequence for manufacturing Sl solar cells, 
were studied during this contract. Ion implantation has 
been identified as the Motorola preferred process step for 
Impurity doping. Unanalyzed beam ion Implantation has 
been shown to have major cost advantages over analyzed 
beam Implantation. Further, high quality cells have been 
fabricated using a high current unanalyzed beam. Mechani- 
cally masked plasma patterning of Si nitride has been 
shown to be capable of forming fine lines on Sl surfaces 
with spaclngs between mask and substrate as great as 
250 pm <10 mils). Extensive work was performed on 
advances in plated metallization. The need for the thick 
electroless palladium layer has been eliminated. Further, 
copper has been successfully utilized as a conductor 
layer, utilizing nickel as a barrier to copper diffusion 
into the Si. Plasma etching of Si for texturing and saw 
damage removal has been shown technically feasible, but 
not cost effective compared to wet chemical etching 
techniques . 


TITLE: Final Report. Development of Low Cost Contacts to 

Sl Solar Cells 

AUTHOR: D.P. Tanner and PA. lies 

CORPORATE AUTH: Applied Solar Energy Corp. 

(Optical Coating Laboratory, Inc.) 

DATE: April 1980 

REPORT NO: DOE JPL 955244 80/5 

AVAILABILITY: NTIS, PC A07/MF A01 

ABSTRACT: This report is a summary of work done on the 

development of a copper based contact system for Sl solar 
cells. The work has proceeded in three phases: PHASE I: 

Development of a copper based contact system using plated 
Pd-Cr-Cu. PHASE II: The degradation in Phase 1 was 

Identified as copper migration into the cells junction 
region. A paper study was conducted to find a proper 
barrier to the copper migration problem THASE III: An 

electroless nickel solution was substituted for the 
electroless chromium solution in the original process. 
Efforts were made to replace the palladium bath with an 
appropriate nickel layer, but these were unsuccessful. 

150 cells using the Pd Nl-Cu contact system were delivered 
to JPL. Also a cost study was made on the plating process 
to assess the chance of reaching 5*/W 


TITLE: Final Report. Investigation of Proposed Process 

Sequence for the AAA Task Phase II 
AUTHOR: Nick Mardesich 

CORPORATE AUTH: Spectrolab, Tnc. 

DATE: June 1980 

REPORT NO: DOE-JPL 954853 80/10 

AVAILARILITY: NTIS, PC A21 /MF A01 

ABSTRACT: A selected process sequence for the low cost 

fabrication of PV modules was defined during this contract. 
Each part of the process sequence was looked at regarding 


ita contribution to tha overall dollars per watt cost. 

During the course of the research done, some of the init- 
ially Included processes were dropped due to technological 
deficiencies. The printed dielectric diffusion mask, eo- 
d l ff us Ion of the n + and p+ regions, wrap-around front 
contacts and retention of the diffusion oxide for use as 
an AR coating were ell the processes that were removed for 
this reason. Other process steps were retained to achieve 
the desired overall cost and efficiency. Square wafers, a 
polymeric spin on PX 10 diffusion source, a p + BSF and 
silver front contacts are all processes that have been 
recommended for use in this program. The printed silver 
aolderable pad for making contact to the aluminum back was 
replaced by an ultrasonically applied tin-zinc pad. Also, 
the texturized front surface was dropped as inappropriate 
foe the sheet sequence for module fabrication. A shift 
from bonding with a conformal coating to laminating with 
EVA and a glass superstrate is recommended for further 
module fabrication. The processes that were retained for 
the selected process sequence, spin-on diffusion, print 
and fire aluminum p + back, clean, print and fire silver 
front contact and apply tin pad to aluminum back, were 
evaluated for their cost contribution. The finalized 
process sequence is shown schematically on page 1A and in 
Table 3.21 1, page 295. The process specifications for 
the finalized process sequence are shown in Appendix F. 

The format A's for SAMICS calculations of the finalized 
process are shown in Appendix G. 

TITLE: Final Report. Process Development for Automated 

Solar Cell and Module Production. Task 4: 

Automated Array Assembly 

CORPORATE AUTH: Tracer HBAssoclates ( MBAssoc 1 at es ) 

DATE: June 1980 

REPORT NO: DOE JPL 954882 80/21 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: The scope of work under this contract involves 

specifying a process sequence which can be used in con 
junction with automated equipment for the mass production 
of solar cell modules for terrestrial use. This process 
sequence is then critically analyzed from a technical and 
economic standpoint to determine the technological readi 
ness of each process step for implementation. The process 
steps are ranked according to the degree of development 
effort required and according to their significance to the 
overall process. Under this contract the steps receiving 
analysis were: back contact metallization, automated cell 

array layup/ i nterconnect , and module edge sealing. For 
automated 1 ayup/ i nterconnect both hard automation and pro- 
grammable automation (using an industrial robot) were 
studied. The programmable automation system was then 
selected for actual hardware development. This work has 
been done to improve the performance of solar modules and 
to lower the cost through process development and large 
scale automation The guidelines used in this effort has 
been to work toward a process sequence which will provide 
a 500 HW/yr production capacity in the industry by the 
year 1986. 

TITLE: Final Report. Development of High Efficiency 

(14*) Solar Cell Array Module 
AUTHOR: FA. lies, et al. 

CORPORATE AUTH: Applied Solar Energy Corp. 

DATE: June 1980 

REPORT NO: DOE JPL 955217-80/5 

AVAILABILITY: NTIS, PC A04/HF A01 

ABSTRACT: Most effort was concentrated on development of 

procedures to provide large area (3" dia) high efficiency 
(16.5%, AMI, ?8°C) p + nn + solar cells. Intensive 
tests with 3" slices gave consistently lower efficiency 
113.5%). The problems were identified as incomplete 
formation of an optimum BSF, and interaction of the B.>F 
process and the shallow p + junction. Towards the end of 
the contract, a promising process sequence was Identified, 
to meet the original goals and tests of this sequence are 
continuing outside of this program. 
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TITLE: Pinal Report. Automated Solar Module Assembly Line 

AUTHOR: Max Bycer 

CORPORATE AUTH: Kullcke & Soffa Industries, Inc. 

DATE: August 1980 

REPORT NO: DOE JPL 955287 80/6 

AVAILABILITY: NTIS, PC A06/HF A01 

ABSTRACT: The Bolar module assembly machine which Kulicke 

and Soffa delivered under this contract is a cell tabbing 
and stringing machine, flexible in design, and capable of 
handling a variety of cells and assembling strings up to 4 
feet in a series or parallel arrangement, and in a straight 
or i nterdigl tated array format. The machine cycle is 
5 s/solar cell. This machine Is primarily adapted to 
3 in. dla round cells with two tabs between cellB. Pulsed 
heat is used as the bond technique for solar cell inter- 
connects. The solar module assembly machine unloads solar 
cells from a cassette, automatically orients them, applies 
flux and solders interconnect ribbons onto the cells. It 
then inverts the tabbed cells, connects them into cell 
strings, and delivers them into a module array format using 
a track mounted vacuum lance, from which they are taken to 
test and cleaning benches prior to final encapsulation into 
finished solar modules. Throughout the machine the solar 
cell is handled very carefully, and any contact with the 
collector side of the cell i 9 avoided or minimized. A 
lamp simulator has been used to test bonded solar cells to 
determine if the bonding operation had any degrading effect 
on the cell. I-V profile curves taken of these sample 
cells, before and after the bonding operation indicate no 
apparent effect on the electrical characteristics of the 
solar cell by the bonding operation. 


TITLE: Pinal Report. Automated Array Assembly, Phase II 

AUTHOR: R. V. D'Aiello 

CORPORATE AUTH: RCA Corp. 

DATE: October 1980 

REPORT NO: DOE-JPL 954868 80/9 

AVAILABILITY: NTIS, PC A10/HF A01 

ABSTRACT: Fiqure 1 is a schematic representation of the 

work of the first year. The philosophy of this plan was 
to establish an experimental process line starting with 
3-in .-dl a Si wafers and consisting of junction formation 
using POCL 3 gaseous diffusion, screen printed thick-film 
metallization, reflow solder interconnect, and double glas 3 
lamination panel assembly. This experimental production 
line produced a sufficient number of 9olar cells to demon 
strate the technological readiness of each of those process 
steps. Variations (of each process) were made to set 
limits on the usable range of each process step and to 
determine the interaction with adjoining steps Tnspec 
tlon measurements, and tests were included to determine 
the output requirement characteristics of each step, 
obtain statistical variations, and evaluate the perfor- 
mance of the solar cells and panels. A description of 
this work, which was conducted from October 1977 through 
December 1978, is given in Sections III and IV. This was 
followed by an 18-month study in which three manufacturing 
aequences synthesized from the above work and from studies 
conducted by other participants in the LSA program were 
exercised. The objectives were to assess the compatibility 
between process steps for each sequence, to generate suf- 
ficient data for comparative SAMICS coat analysis, and to 
make recommendations of the suitability of one or more of 
these sequences for the large scale automated production 
of solar cells within the cost goal of |0.70/Wp. The 
detailed experimental results of this study are described 
in Section V. followed by SAMICS cost analysis, recommends 
tions, and conclusions given in Sections VI and VII. 

TITLE: Final Report. The Establishment of a 

Production Ready Manufacturing Process Utilizing 
Thin Si Substrates for Solar Cells 
AUTHOR: R. A. Pryor 

CORPORATE AUTH: Motorola, Inc. 

DATE: October 1980 

REPORT NO: DOE JPL 955328-80/4 

AVAILABILITY: NTIS, PC A10/MF A01 


ABSTRACT: Three inch diameter Cz Si substrates sliced 

directly to 5 mil, 8 mil, and 27 mil thicknesses with wire 
saw techniques were procured. Processing sequences incor- 
porating either diffusion or ion implantation technologies 
were employed to produce n + p or n + pp + solar cell 
structures. These cells were evaluated for performance, 
ease of fabrication, and cost effectiveness. It was 
determined that the use of 7 mil or even 4 mil wafers 
would provide near term cost reductions for solar cell 
manufacturers . 


TITLE: Final Report. Phase 2 of the AAA Task 

AUTHOR: R.C. Petersen 

CORPORATE AUTH: Solarex Corp. 

DATE: November 1980 

REPORT NO: DOE-JPL 954854-80/8 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: Studies were conducted on several fundamental 

aspects of electroless n i ckel /solder metallization for Si 
solar cells. A process proposed by Motorola, which pre 
cedes the electroless nickel plating with several steps of 
palladium plating and heat treatment, was compared directly 
with single step electroless nickel plating. Work was 
directed toward answering specific questions concerning the 
effect of Si surface oxide on nickel plating, effects of 
thermal stresses on the metallization, sintering of nickel 
plated on Si, and effects of exposure to the plating solu 
tion on solar cell characteristics. The Motorola process 
was compared with simple electroless nickel plating in a 
series of parallel experiments. 


TITLE: Final Report. Automated Array Assembly Task 

Development of Low Cost PV Solar Cells 
CORPORATE AUTH: Photowatt International, Inc. 

(Sensor Technology, Inc.) 

DATE: November 1980 

REPORT NO: DOE-JPL 955265 80/3 

ABSTRACT: Development of low-cost, large area polyslllcon 

solar cells was conducted in this program. Three types of 
polyslllcon material were investigated. Included in the 
study was the Wacker cast polyslllcon, Crystal Systems HEM 
material, and Exotic Materials FAST-Cz polysilicon. The 
influence of crystal grains on solar cell efficiency was 
studied. A theoretical and experimental comparison between 
single crystal Si and polysilicon solar cell efficiency 
was performed. The feasibility of applying an anisotropic 
sodium hydroxide etching process to polysilicon wafers was 
investigated. The texture etching rate, time and solution 
concentration were evaluated. Several optional low cost 
solar cell processes were investigated. They included 
POCL 3 gettering, spray on n - * polymer dopants, and 
printed aluminum. It was demonstrated that 10X efficient 
polysilicon solar cells can be produced with spray on n* 
dopants. This result fulfills an important goal of this 
project, which is the production of batch quantity of lot, 
efficient polysilicon solar cells. 


TITLE: Final Report. The Development of a Method of 

Producing Etch Resistant Wax Patterns of Solar 
Cells 

AUTHOR: E . Pastlrlk 

CORPORATE AUTH: Motorola, Inc. 

DATE: November 1980 

REPORT NO: DOE-JPL 955324-80/4 

ABSTRACT: A potentially attractive technique for wax 

masking of solar cells prior to etching processes was 
studied. This technique made use of a reuseable wax 
composition which was applied to the solar cell in 
patterned form by means of a letterpress printing method. 
After standard wet etching was performed, wax removal by 
means of hot water was Investigated. Application of the 
letterpress wax printing process to Si was met with a 
number of difficulties. The most serious shortcoming of 
the process was its Inability to produce consistently 
well defined printed patterns on the hard Si cell surface. 
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TITLE: Final Report. Phase II AAA Task 

AUTHOR: C. Olson 

CORPORATE AUTH: Photowatt International, Inc. 

(Sensor Technology, Inc.) 

DATE: December 1980 

REPORT MO: DOE-JPL 954865-80/9 

ABSTRACT: The information presented provides a summary of 

the work performed from September 20, 1977 through June 
20, 1980 by Sensor Technology, Inc,, in Chatsworth, 
California and Photowatt International, Inc. in Tempe, 
Arizona. The initial contract was a Phase II Process 
Development for a process sequence, but with concentration 
on two particular process steps: laserscr lbtng and spray 

on junction formation. The balance of the process, al- 
though important, was to be a subordinate level of effort 
to support these two major tasks. The add on portion of 
the contract was to further develop these tasks, to incor- 
porate spray on of AR coating and aluminum and to study 
the application of microwave energy to solar cell fabri 
cation. The overall process cost projection is 97.918</Wp. 
The major contributor to this excess cost is the module 
encapsulation materials cost. The frame and encapsulation 
materials alone total 25.634</Vp. Since this was not an 
area of major effort on the contract, the approach was to 
automate what was available, not to develop new technolo 
gles and, as a result, less effort was devoted to this 
task. During the span of this contract the study of micro- 
wave application to solar cell fabrication produced the 
ability to apply this technique to any requirement of 
600°C or less. Above this temperature, non uniformity 
caused the processing to be unreliable. It became evident 
that fundamental development efforts were required and 
these are being pursued through another contract. 


TITLE: Final Report. Development of Simplified Process 

for Environmentally Resistant Cells 
AUTHOR: W.J. King 

CORPORATE AUTH: Kinetic Coatings, Inc. 

DATE: December 1980 

REPORT NO: DOE-JPL 955079 80/1 

AVAILABILITY: NT1S, PC A08/MF A01 

ABSTRACT: Thi» report describes a program to develop a 

simple, foolproof, all-vacuum solar cell manufacturing 
process which can be completely automated and which 
results In medium efficiency cells which are Inherently 
environmentally resistant. All components of the com- 
pleted cells are Integrated Into a monolithic structure 
with no material Interfaces. The exposed materials (Si, 
AI 2 O 3 , Al, Ni) are ail resistant to atmospheric attack 
and the junction, per se, Is passivated to prevent long 
term degradation. Such cells are intended to be incorpor 
ated into a simple module consisting basically of a press 
formed metallic superstructure with a separated glass 
cover for missile, etc., protection. A 5 cm x 5 cm test 
cell configuration was designed In which the various 
efficiency loss factors were adjusted to yield a 101 AMI 
cell. Each of the cell elements was individually opti- 
mized for combination with the others. The basic cell 
consists of alloyed front (Al) and back (Ag plus Ni) 
contacts, a multi-purpose < AR , hermetic seal. Implantation 
oxide) front surface coating of Al 2 0 3 , and an Implanted 
front junction. Implantation damage annealing and contact 
alloying are carried out in a simple one step thermal 
treatment at 870°C using a resistance heated furnace in 
vacuum. Times at temperature as short as 15-20 s for 
complete cell activation were demonstrated in a related 
proprietary program. The use of non analyzed and semi- 
analyzed beams for fabricating these cells was developed 
by KCI for use on this contract. A final lot of 50 cells 
made using the semi -analyzed beam method had an average 
efficiency of 10. 4% at AMI (28 + 1°C) . An economic 
analysis predicts a manufacturing cost of t-45/W p for 
these cells using a one machine automatic method. 


TITLE: Final Report. High Resolution, Low Cost Solar 

Cell Contact Development 
AUTHOR: N. Hardesich 

CORPORATE AUTH: Spectrolab, Inc. 

DATE: December 1980 

REPORT NO: DOE JPL 955298-80/2 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: Experimental work demonstrating the feasibility 

of the MIDFILM process as a low cost means of applying 
solar cell collector metallization was completed during 
this contract. Cell efficiencies of above 14% (AMI, 

28°C) were achieved with fritted allver metallization. 
Environmental tests suggest that the metallization is 
slightly humidity sensitive and degradation is observed on 
cells with high series resistance. The major yield loss 
in the fabrication of cells was due to discontinuous grid 
lines, resulting in high series resistance. Standard 
lead tin solder plated interconnections do not appear 
compatible with the MIDFILM contact. Copper, nickel and 
molybdenum base powder were investigated as low cost 
metallization systems. The copper based powder degraded 
the cell response. The nickel and molybdenum base powders 
oxidized then sintered in the oxidizing atmosphere 
necessary to ash the photoresin. 

TITLE: Final Report. Cost Effective Flat Plate PV 

Modules Using Light Trapping 
AUTHOR: C.N. Bain, B.A. Gordon, et al. 

CORPORATE AUTH: Science Applications, Inc. 

DATE: April 1981 

REPORT NO: DOE JPL 955787-81/1 

AVAILABILITY: NTIS, PC All/MF A01 

ABSTRACT: This report and Appendix A give the results of 

the study. The Final Report details the analyses and cal 
culatlons performed to arrive at the design guidelines, 
and Appendix A is an Optical Design Guide which contains 
rules and guidelines for the practicing PV design engineer 
Science Applications is extending prior in-house work in 
optical trapping in "thick films" to form a design guide 
for PV engineering. The Design Guide shows the reader how 
to construct PV modules to use and even to exploit this 
concept. By SAI calculations up to 20% improvements in 
standard module performance can be expected. Even larger 
improvements can be received in special modules con 
structed to exploit these thick film effects as discussed 
in the Final Report. 


TITLE: Final Report. Processing Experiments on Non Cz 

Si Sheet (MEPSDU Support Contract) 

AUTHOR: R . A . Pryor, L . A . Grenon, et al. 

CORPORATE AUTH: Motorola, Inc. 

DATE: April 1981 

REPORT NO: DOE-JPL 955844-81/2 

ABSTRACT: A program of six months duration was performed 

to support and promote the further development of proces 
sing techniques which may be successfully and cost- 
effectively applied to low cost non-Cz Si sheet for solar 
cell fabrication. Results are reported in the are «9 of 
process technology, cell design, cell metallization, and 
production cost simulation. 


TITLE: Final Report. Automated Solar Panel Assembly Line 

AUTHOR: Howard Somber g 

CORPORATE AUTH: ARCO Solar, Inc. 

DATE: May 1981 

REPORT NO: DOE JPL 955278 81/5 

ABSTRACT: This report contains the results of a two-year 

effort to design, develop and operate automated equipment 
for the interconnection of solar cells and lamination of 
cell circuits into modules. The overall objective was to 
effect near term reduction of Si solar cell array costs so 
aa to achieve the 1985 goal of 10.70/W*. The program con 
slated of four sections: ( 1 ) design of a module that lends 
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to automated assembly, (?) design and development 
of prototype equipment for the Interconnection and lamina- 
tion of solar cells Into a completed module, (3) the 
operation of a pilot production line using the equipment 
developed in this program, and <4> perform a cost analysis 
of the production run. This program was originally pro- 
posed as a 12 month effort. However, because of the com- 
plexity of the soldering equipment task the program was 
extended to 27 months. In late 1979, a prototype element 
of the soldering machine was implemented into the module 
production operation. This section of the machine con- 
sisted of a roller transport mechanism Integrated with an 
electromagnetic Induction coll** for soldering continuous 
ribbon Interconnects to the front of solar cells. In a 
fashion, it was the first step in the mechanization of 
soldering or "tabbing” solar cells, and this simple 
mechanism has reliably tabbed about 1.8 million solar 
cells to date. 

* All costs In this report are given in 1980 t 
** The automated soldering machine was subsequently 
redesigned to use an infrared heat source. 


TITLE Final Report. Laser Annealing of Ion Implanted Si 
for Solar Cell Junction Formation 
CORPORATE AUTH : Lockheed Hiss lies & Space Company, Inc. 

DATE: June 1981 

REPORT NO: DOE JPL 955696 81/4 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: An investigation was conducted which evaluated 

the merits of large spot size pulsed laser annealing of 
phosphorus Implanted, Cz grown Si for junction formation 
of solar cells. The feasibility and requirements were 
also determined to scale-up a laser system to anneal 
7.6? cm dia wafers at a rate of 1 wafer/s. Laser param 
eters were developed for optimized performance. These 
parameters were substantiated by surface analysis, 
including SIMS, TEM and RBS techniques, followed by 
fabrication of 2 x 2 cm, 2 x 4 cm and 7.62 cm dia. 
functional cells to verify acceptability. 


TITLE: Final Report. High Resolution, Low Cost Solar 

Cell Contact Development 
AUTHOR: N. Hardeslch 

CORPORATE AUTH: Spectrolab, Inc. 

DATE: November 1981 

REPORT NO: DOE-JPL 955725-81/1 

ABSTRACT: MIDFILH cell fabrication and encapsulation have 

been demonstrated as a means of applying low-cost solar 
cell collector metallization. The average cell efficiency 
of 12.01 (AMI, 28°C> was achieved with fritted silver 
metallization with a demonstration run of 500 starting 
wafers. A 98% mechanical yield and 80% electrical yield 
were achieved through the MIDFILM process. High series 
resistance was responsible for over 90% of the electrical 
failures and was the major factor causing the low average 
cell efficiency. Environmental evaluations suggest that 
the MIDFILM cells do not degrade. A slight degradation in 
power was experienced in the MIDFILM minimodules when the 
AMP Solarlok connector delaminated during environmental 
testing . 


TITLE: Final Program Summary Report. Evaluation and 

Verification of Epitaxial Process Sequence for Si 
Solar-Cell Production 
AUTHOR: D. Redfield 

CORPORATE AUTH: RCA Corp. 

DATE: November 1981 

REPORT NO: DOE JPL 955825-81/3 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: To achieve the program goals, 28 minimodules 

were to have been fabricated and tested, using 600 cells 
made from three in. -dia wafers processed by the sequence 
chosen for this purpose. Of these 600 cells, half were to 


be made from epitaxially grown layere on potentially 
low-cost substrates. The other half were to be made from 
commercial SG, single-crystal Si wafers that served as 
controls. Cell processing was normally performed on mixed 
lots containing significant numbers of each of these two 
types of wafers. After evaluation of the performance of 
all cells, they were separated by typea for incorporation 
Into modules that were to be tested for electrical perfor- 
mance and response to environmental stress. A simplified 
flow chart displaying this scheme, for quantities repre 
sent Ing half of the planned total to be processed, is 
presented. Documentation of the specifications and pro- 
cedures of all process steps chosen for this program, and 
detailed SAMICS cost analyses have been provided in sepa- 
rate reporta bearing those titles. As with all R&D pro 
jects, however, there are unavoidable differences between 
some of the laboratory processes used to fabricate cells 
and modules for the present evsluatlons and the analogous 
processes as they would take place in a factory at high 
production rates. In all cases where uncertainties may 
exist In specific process steps, the materials or proce 
dures used were consistent with developments occurring 
under either the LSA Program or the ED contract that RCA 
waa conducting for SERI. In this report, some information 
is provided on relevant work under the ED Program. 


TITLE: Final Report. Equipment Development for Automated 

Assembly of Solar Modules 

CORPORATE AUTH: Tracor MBAssociates (MBAssoc 1 ates ) 

DATE: January 1982 

REPORT NO: DOE-JPL 955699-81/05 

AVAILABILITY: NTIS, PC A08/MF A01 

ABSTRACT: Prototype equipment was developed which allows 

for totally automated assembly in the three major areas of 
module manufacture: cell stringing, encapsulant layup and 

cure and edge sealing. The equipment is designed to be 
used In conjunction with a standard Unimate 2000B indus 
trial robot although the design is adaptable to other 
transport systems. 


TITLE: Final Report. Si Dendritic Web Material Process 

Development 

AUTHOR: D.L. Meier, R.B. Campbell, et al. 

CORPORATE AUTH: Westlnghouse Electric Corp. 

DATE: March 1982 

REPORT NO: DOE-JPL 955624 82/3 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: The purpose of this program was to develop a 

low-cost contact system for solar cells and to integrate 
techniques for fabricating, interconnecting, and encapsu 
latlng solar cells in order to produce several demonstra 
tlon modules. Two experimental contact systems were 
examined and compared to a baseline contact system consist 
ing of evaporated layers of titanium, palladium, and silver 
and an electroplated layer of copper. The first experi 
mental contact system consisted of evaporated layers of 
titanium, nickel, and copper and an electroplated layer of 
copper. The second experimental contact system consisted 
of evaporated layers of nickel and copper and an electro 
plated layer of copper. 


TITLE: Analysis and Evaluation of Processes and Equipment 

AUTHOR: M. Wolf and H Goldman 

CORPORATE AUTH: The Trustees of the University of 

Pennsylvania 

DATE: April 1981 

REPORT NO: DOE JPL 954796 81 13 

AVATLAR TLITY : NTIS, PC A15/MF A01 

ABSTRACT: The metallization pattern design, or grid line 

design, is examined so as to define the design which com 
bines minimum series resistance losses and area coverage 
Power output losses due both to the voltage drop from 
series resistance and to the shadowing by the front metal 
lizatlon can be held to 5% of the maximum power output for 
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« 10 cm x 10 cm cell. Tapered grid lines are found to have 
less of an effective voltage drop than grid lines of con- 
stant width, and grid lines normal to the bus lines give 
better performance than obliquely arranged grid lines. On 
the basis of the findings of the grid line design analysis, 
a set of design rules for solar cells is presented. Pro- 
cess options for applying the metal to the Si surface are 
discussed. Options considered Include immersion plating, 
electroless plating, electrolytic plating, vacuum deposi- 
tion (including sputtering) and thick film screen printing. 
By comparative evaluation, electroless and electrolytic 
plating are found to be the most cost-effective options, 
with vacuum deposition being competitive. One to problems 
connected with masking, the use of the anti ref lection 
coating as the metall izat 1 on mask is expected to be less 
attractive . 


TITLE: Final Report. Analysis and Evaluation in the 

Production Process and Equipment Area 
AUTHOR: M. Wolf 

CORPORATE AUTH: The Trustees of the University of 

Pennsylvani a 
DATE: April 30, 1982 

REPORT NO: DOE-JPL 956034/1 

AVAILABILITY: NT1S, PC A 04 /HF A01 

ABSTRACT: The project began with techno economic evalua 

tlons of MEPSDU processes, and then proceeded to a study 
of requirements for the longer range, potentially sub 
stantlal Improvement of the efficiency of Si solar cells. 

Of the HBPSDU processes investigated, it was found that 
the Solarex metallization design and process selection 
should be modified to yield substantially higher output of 
the 10 cm x 10 cm cells, while the Westinghouse design Is 
extremely close to the optimum. In addition, further 
attention to the Solarex p n junction and base high/low 
junction formation processes could be beneficial. For 
future efficiency improvement, it was found that refine 
ment of the various minority carrier lifetime measurement 
methods is needed, as well as considerably increased 
sophistication In the Interpretation of the results of 
these methods. In addition, it was determined that 
further experimental investigation of the Auger lifetime 
Is needed, to conclusively determine the Auger coefficients 
for the direct Auger recombination at high majority carrier 
concentrations. This will determine the ultimately achiev 
able efficiency of Si solar cells. If the Auger coeffic 
lents should be substantially lower than presently thought, 
more attention may have to be given to bandgap narrowing. 
Finally, more needs to be known about the effects of 
various device processes on the minority carrier lifetime 
ultimately existing in the diverse layers of the device. 

TITLE: Final Report. Development of Technique for AR 

Coating and Nickel and Copper Metallization of 
Solar Cells 

CORPORATE AUTH: Photowatt International, Inc. 

DATE: February 2, 1983 

REPORT NO: DOE-JPL 955986/4 

AVAILABILITY: NTIS, PC A03/MF A01. 

ABSTRACT: Solar cells were made with a variety of base 

metal screen printing inks applied over a Si nitride AR 
coating and copper electroplated, Fritted and fritless 
nickel and frltless tin-base printing inks were evaluated. 
Conversion efficiencies as high as 9% were observed with 
fritted nickel ink contacts Curve shapes, however, were 
generally poor, reflecting high series resistance. 

Problems encountered in addition to high series resistance 
included loss of adhesion of the nickel contacts during 
plating, poor adhesion, oxidation, and inferior curve 
shapes with the tin-base contacts. 

TITLE: Final Report. Hermetic Edge Sealing of PV Modules 

CORPORATE AUTH: Spire Corp. 

DATE: July 1983 

REPORT NO: DOE-JPL 956352/2 

AVAILABILITY: NTIS, PC A03/MF A01 


ABSTRACT: The program objective was to investigate the 

feasibility of using an ESB and ultrasonic welding process 
to produce hermetic edge seals on terrestrial solar cell 
modules. The fabrication sequence Is to attach an alum- 
inum foil "gasket” to the perimeter of a glass sheet. A 
cell circuit Is next encapsulated inside the gasket, and 
its aluminum foil back cover is seam welded ultrasonlcally 
to the gasket. An ESB process for sealing aluminum to 
glass was developed in an ambient air atmosphere, which 
eliminates the requirement for a vacuum or pressure 
vessel. An ultrasonic seamwelding process was also 
developed which did not degrade the quality of the ESB 
seal. Good quality welds with minimal deformation were 
produced. This program has been successful in demonstrat 
ing the technical feasibility of producing hermetically 
sealed edges on PV modules using a combination of ESB and 
ultrasonic welding. 


TITLE: Final Report. Investigation of Nickel-Si 

Metallization Process 
AUTHOR: M. Macha 

CORPORATE AUTH: SOL/LOS, Inc. 

DATE: July 22, 1983 

REPORT NO: DOE-JPL 956276-83/1 

ABSTRACT: The metallization of Si solar cells passivated 

with Si nitride coating vas investigated by using commerc 
ial Ni pastes No. 5517 from Thick Film Systems, No. 7028-5 
from Cermalloy, experimental formulation No. X-A by 
SOL/LOS, Inc. and evaporated Ti-Ni film. Comparative and 
reference tests were done with the Dupont Ag paste No. 7095 
and with a mixture of Ni paste No. 5517 with Ag paste No. 
7095 in the respective ratio of 9 to 1 by weight. The 
evaluation criteria for the metallization were the mechan 
leal bond strength of the contact, solderabl 1 1 ty , copper 
plating ability and electrical characteristics in terms of 
V oc * Igc v *l ues and shape of the 1-V curve. 

TITLE: Final Report for Period November 26, 1980 to 

September 30, 1983. Process Research on Non Cz Si 
Material 

AUTHOR: C.M. Rose 

CORPORATE AUTH: Westinghouse Electric Corp. 

DATE: September 30, 1983 

REPORT NO: DOE JPL 955909-83/11 

AVAILABILITY : NTIS, PC A14/MF A01; 1 

ABSTRACT: The primary objective of this contract was to 

investigate high risk, high payoff research areas asso 
elated with the Westinghouse process for producing PV 
modules using non-Cz sheet material. All investigations 
were performed using dendritic web Si, but all process 
steps studied are directly applicable to other ribbon 
forms of sheet material. These tasks were addressed: (1) 

Liqu id junction technical feasibility study (the objective 
of this task was to determine the technical feasibility of 
forming front and back junctions in non-Cz Si using liquid 
dopant techniques. Numerous commercially available liquid 
phosphorus and boron dopant solutions were investigated. 
Optimal diffusion parameters required for this process 
step using liquid dopants were determined); (2) Liquid 
diffusion mask feasibility study (the objective of this 
task was to determine the technical feasibility of forming 
a liquid applied diffusion mask to replace the more costly 
chemical vapor deposited SiOj diffusion mask) (3) 
Application studies of AR material using a meniscus coator 
(the objective of this task was to determine the technical 
feasibility of applying liquid AR solutions using meniscus 
coating equipment. Film thickness relationships with AR 
capabilities were investigated. The AR films formed were 
shown to have uniform thickness along the web and possess 
the required AR properties) . 


TITLE: Final Report. May 1980 to January 1983. 

Development of an All-Metal Thick Film, Cost- 
Effective Metallization System for Solar Cells 
AUTHOR: B. Ross and J. Parker 
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CORPORATE! AUTH : Bernd Rosa Associates 

DATE: December 1983 

REPORT WO: DOE-JPL 955688-82/10 

AVAILABILITY: NTIS, PC A07/MF AOl 

ABSTRACT: Properties of copper pastes did not reproduce 

earlier results In rheology and metallurgy. Electrodes 
made with pastes were analyzed and raw material character- 
istics were compared. A needle-like structure was observed 
on elec troded solar cells, and was identified as eutectic 
copper-Sl by electron probe x-ray spectroscopy. To improve 
performance characteristics, experiments were conducted 
wtth variations in paste parameters, firing conditions, 
including gas ambients, furnace furniture, Si surface, etc. 
A liquid medium, intended to provide transport during the 
carbon-fluoride decomposition, was incorporated in the 
paste. It resulted in better adhesion and survival of the 
preliminary environmental test. Solar cells <2x2 cm) 
were made with fluorocarbon activated copper electrodes 
and gave 7% AMI efficiency (without AR coating). A 
cooperative experiment was initiated with State Unlver 
sity of New York, Albany, New York, on the effect of heat- 
treatments in various atmospheres on the hydrogen profile 
of Si surfaces. Contact theory was explored to determine 
the role of various parameters on tunneling and contact 
resistance. In a further experiment, copper pastes with 
different AgF additions were utilized as front contacts at 
two temperatures. An experiment was run with carbon 
monoxide gas used as the reducing ambient during firing. 


TITLE: Final Report. December 15, 1982 to December 1, 

1983. Evaluation of the Ion Implantation Process 
for Production of Solar Cells From Si Sheet 
Materials 

CORPORATE AUTH: Spire Corp. 

DATE: December 1983 

REPORT NO: DOE-JPL 956381-84/1 

ABSTRACT: This report describes research on the evalua 

tlon of the ion Implantation process for junction forma 
tlon in present day sheet materials, including Cz , edge 
defined film-fed growth, heat exchanger method, Semix, 
SILSO and dendritic web. Both furnace annealing and low 
temperature PEBA are examined and the presence of tempera 
ture effects Is identified. It is shown that efficiency 
can be Increased by optimization of the thermal processing. 
A comparison of ion implantation to alternative processes 
Is made. The manner in which high efficiency may be 
achieved with each of these materials is discussed. 


TITLE: Final Report. Development and Fabrication of a 

Solar Cell Junction Processing System 
CORPORATE AUTH: Spire Corp. 

DATE: June 1984 

REPORT NO: DOE JPL 955640-84/10 

AVAILABILITY: NTIS, PC A07/HF AOl; 1. 

ABSTRACT: A program was undertaken to develop, construct 

and deliver to JPL a processing system capable of producing 
solar cell junctions by ion implantation followed by PERA. 
The machine was to be capable of processing 4-inch diameter 
single crystal wafers at a rate of 10 7 wafers per year. 

A microcomputer controlled PEBA annealer with a vacuum 
interlocked wafer transport system was designed, built and 
demonstrated to produce solar cell junctions on 4 in. 
wafers with an AMI efficiency of 12%. Experiments showed 
that a NMA ion beam could implant 10 keV phosphorus dopant 
to form solar cell junctions which were equivalent to 
mass analyzed implants. A NMA ion implanter, compatible 
with the PEBA and wafer transport system was designed in 
detail but was not built because of program termination. 


TITLE: Final Report. Process Research on Pol ycryst a 1 line 

Si Material 
AUTHOR: J.S. Culik 

CORPORATE AUTH: Solarex Corp. 

DATE: June 20, 1984 

REPORT NO: DOE- JPL 955902 83/11 

AVAILABILITY: NTIS, PC A03/MF A01; 1. 


ABSTRACT: The performance-limiting mechanisms in large- 

grain (greater than 1 to 2 mm in diameter) polycrystalline 
Si *olar cells were Investigated by fabricating a matrix 
of 4cm solar cella of various thicknesses from 10 cm x 
10 cm polycrystalline Si wafers of seversl bulk resistivi- 
ties. Further investigation of the performance limiting 
mechanisms consisted of fabricating a set of '’mini-cell'’ 
wafers from a selection of 10 cm x 10 cm polycrystalline 
Si wafers. Measurement of the dark IV characteristics of 
mini-cells from several wafers with few inclusions indi- 
cates that spatial variations in quas i - neutral recombina 
tion current are the dominant cause of open-circuit volt- 
age variations. A damage gettering heat treatment was 
Investigated and was found to improve the minority carrier 
diffusion length in low-lifetime polycrystalline Si. 


TITLE: Final Technical Report. Process Research of 

Polycrystalline Si Material 
AUTHOR: J.S. Cullk and C.Y. Wclgley 

CORPORATE AUTH: Solarex Corp. 

DATE: February 7, 1985 

REPORT NO: DOE-JPL 956698-84/4 

ABSTRACT: Recent reported results of hydrogen passivated 

polycrystalline Si solar cells are summarized. Most of 
the studies have been performed on very small grain or 
short minority-carrier diffusion length Si. Hydrogenated 
solar cells fabricated from this material appear to have 
effective minority-carrier diffusion lengths that are still 
not very long, as shown by the open-circuit voltages of 
passivated cells. The open circuit voltages are still sig 
nlflcantly less than those of single crystal solar cells. 
The goal of this program was to minimize variations in 
open circuit voltage and fill factor caused by defects by 
passivating these defects using a hydrogenation process. 


TITLE: Final Report. Development of Metallization Process 

AUTHOR: A. Garcia, III 

CORPORATE AUTH: Spectrolab, Inc. 

DATE: April 1985 

REPORT NO: DOE JPL 956205 85/9 

AVAILABILITY: NTIS, PC A05/MF AOl 

ABSTRACT: The object of this contract was the optimize 

tlon, evaluation, and demonstration of a novel metalliza- 
tion applied by a screen printing process. Based on 
previous results of JPL contract No. 955725 "High Resolu- 
tion, Low Cost Solar Cell Contact Development,” a paste 
consisting of molybdenum, tin, and titanium hydride was 
selected as the promising composition. No satisfactory 
cells were made using any of the molybdenum/tin pastes 
used as a complete replacement for conventional silver 
pastes. The major problem is the inability to form a bond 
between the pastes snd Si that withstands soldering. This 
problem can be overcome using a two-step process where any 
interconnection to the cell is done at small pads of con- 
ventional screen printed silver. The most promising use 
of the molybdenum/t in metallization system would be this 
two-step process with a sliver paBte serving as the sol- 
dering pad. The Ho/Sn system would compete with silver 
economically if silver prices rose and could serve as a 
backup process. Toward the end of this contract the use 
of a heated stage SEM with reactive gases was a great help 
In elucidating problems and suggesting solutions. 


TITLE: Final Technical Report. January 1 to March 31, 

1986. MOD Silver Hetall izat ion for PV 
AUTHOR: R.V. Vest 

CORPORATE AUTH: Purdue Research Foundation 

DATE: April 23, 1985 

REPORT NO: DOE-JPL 956679 86/1 

ABSTRACT: After completing the printing studies of the 

last quarter, it was determined that high contact resis- 
tance was the major limiting factor in producing high 
efficiency solar cells. Further tests were conducted 
which confirmed this conclusion, and also demonstrated 
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that high quality cell* can be produced using silver MOD 
Ink* printed with this ink jet system If the contact 
resistance can be reduced to acceptable levels. Other 
experiments were conducted: (1> to study the effects of 
the thermal processes (belt furnace firing and box furnace 
spiking) and furnace atmospheres on the solar cells; (2) 
to find a material that could improve the contact resis- 
tance between the silver conductor layer and the solar 
cell substrate; and (3) to determine if the previous 
multiple printing and firing method of making solar cells 
gave consistent results. 

TITLE: Final Report. Demonstration of Feasibility of 

Depositing Semiconductor Layers Using Microwave 
Enhanced Plasma Techniques 
CORPORATE AUTH: Superwave Technology, Inc. 

DATE: May 21, 1985 

REPORT NO: DOE-JPL 956828/3 

ABSTRACT: Manufacturing of low-cost, more-efficient PV 

cell* depends partly on the development of new process 
technologies, one of which Is the deposition of thin films 
at relatively low substrate temperatures. Superwave 
Technology, in an effort to demonstrate the feasibility of 
microwave enhanced plasma as a means of producing better 
quality films, has successfully developed a simple but 
versatile system with features including: (1) Separation 

of plasma region from the reaction region; (?) Substrate 
temperature < 250°C; (3) Deposition rates 
>500A/min; 

<4) Sputter (gas/solid phase) and plasma (gas/gas phase) 
reaction; (5) Efficient use of conatituent gases; and (6) 
Efficient conversions of microwave energy to gas plasma. 
The microwave -enhanced plasma system developed under the 
present contract has the capability of depositing various 
films of different compositions. This effect was directed 
towards deposition of Si nitride film through a gas-phase 
plasma reaction. 


TITLE: Final Report. Excimer Laser Annealing to 

Fabricate Low Cost Solar Cells 
AUTHOR: A.C. Greenwald 

CORPORATE AUTH: Spire Corp. 

DATE: August 1985 

REPORT NO: DOE-JPL 956797 85/01 

ABSTRACT: The objective of this program is to show the 

feasibility of using excimer lasers for cost-effective 
annealing of ion- implanted emitters in the fabrication of 
Si solar cells. The maximum AMI efficiency achieved by 
the PELA process for n + pp + cells was 15.6% for a 2 cm 
x 2 cm cell with photol 1 thograph 1 c al 1 y - pat te rned contacts. 
The maximum AMI efficiency achieved by this PELA process 
for 100 im diameter cells with screen printed contacts was 
12%. These results are comparable with both diffused junc 
tion cells, and cells fabricated by ion implantation and 
conventional furnace annealing The costs of furnace and 
laser annealing are comparable. For the production levels 
considered in this work, however, the cost of the ion 
implantation and laser anneal process is greater than the 
cost of diffusion. 

TITLE: Annual Report. December 13, 1974 through 

September 30, 1985. Laser Assisted Solar Cell 
Metallization Processing 
AUTHOR: A. Rohatgi, P. McMullin, T. O'Keefe 

CORPORATE AUTH: Westinghouse Electric Corp. 

DATE: January 6, 1986 

REPORT NO: DOE JPL 956615 86/2 

AVAILABILITY: NTIS , PC A04/MF A01 

ABSTRACT: In this contract, laser Assisted processing 

techniques for producing high quality solar cell metallize 
tion patterns are being investigated, developed, and 
characterized. The tasks comprising these investigations 
are outlined. Four new batches of solar cells were pro 
cessed, in addition to several test runs on wafers, using 
the laser decomposition of spun-on silver neodeeanoate to 


metallize cell*. Decomposition of silver neodeeanoate was 
carried out at different laser powers on different cells 
on a given wafer to determine whether this would have any 
effect on cell performance. A 1 V laser power gave an 
electroplated linewidth of 50 ym» while at 8 W the line 
width was 90 um. 

TITLE: Eighth Quarterly Progress Report. January 1 to 

March 31, 1986. Development of Hlgh-Efflciency 
Solar Cells on Si Web 
AUTHOR: D.L. Meier, et al . 

CORPORATE AUTH: Westinghouse Electric Corp. 

DATE: May 12, 1986 

REPORT NO: DOE-JPL 956786-86/2 

ABSTRACT: The major objective of this contract is to im- 

prove web base material with a goal of obtaining solar 
cell efficiencies in excess of 18% (AMI). Efforts In this 
program are directed toward identifying carrier loss mecha- 
nisms in web Si, eliminating or reducing these mechanisms, 
designing a high-efficiency cell structure with the aid of 
numerical models, and fabricating high efficiency web solar 
cells. Fabrication techniques must preserve or enhance 
carrier lifetime in the bulk of the cell and minimize 
recombination of carriers at the external surfaces. During 
this reporting period, three completed cells were viewed 
by cross sectional TEM in order to investigate further 
relation between structural defects and electrical perfor 
stance of web cells. Consistent with past TEM examinations, 
the cell with the highest efficiency (15.0%) had no dislo 
cations but did have 11 twin planes. Of the remaining two 
cells, one was made from a section near the beginning of a 
crystal and the other was made from a section near the end 
of the same crystal. The most prominent feature of this 
pair of cells is the location of the twin planes relative 
to the external surface. For the cell near the beginning 
of the crystal, the heavily twinned region is located 
approximately midway through the thickness of the web. 

For the cell near the end of the crystal, the heavily 
twinned region has moved to within a few microns of the 
external surface. This suggests that the termination of 
the crystal may have been a result of the twin planes 
exiting the web ribbon. In order to passivate the disloca 
t lon/prec 1 pi tate structural defect that has been observed 
by TEH in completed web cells, hydrogen ions have been 
implanted into web strips. The implantation was done 
after boron and phosphorus diffusions, but before metal- 
lization. This is the first time that hydrogen has been 
implanted at this point In the processing sequence. Im 
planting hydrogen at this point Is compatible with the 
overall Westinghouse process. 


TITLE: Final Report. Process Research of Non Cz Si 

Mater i al 

CORPORATE AUTH: Westinghouse Electric Corp. 

DATE: June 1986 

REPORT NO: DOE-JPL 956616-86/1 

ABSTRACT: The major objectives of this program were to 

develop a process for simultaneously diffusing the front 
and back junctions Into dendritic web Si to form a solar 
cell structure, to determine process control parameters 
and the sensitivity of cell parameters to variations in 
these control parameters, and to perform a cost analysis 
on the simultaneous junction formation method and compare 
this result to a sequential diffusion process. All of the 
studies mentioned above were carried out on dendritic web 
Si grown in the Westinghouse Pre Pilot facility Dendritic 
web is a ribbon form of s i ngle crys tal sheet material pro 
duced (grown) from a molten Si charge using a dendritic 
seed. The web can be grown as either n type or p type 
conductivity with a wide range of resistivity levels. 
Conductivity and resistivity levels are controlled by the 
dopants added to the molten Si during the growth cycle 
Dendritic web is a high quality, pure, crystalline mater 
i al and cell? have been fabricated from web with efficien 
cles in excess of 15% using a standard process sequence 
developed by Westinghouse. The standard sequence uses a 
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sequential diffusion process for front and back junction 
formation. Thus cell data obtained In the simultaneous 
diffusion experiments conducted in this contract can be 
correlated with cells produced using the baseline sequence. 
The three basic techniques used to study simultaneous 
junction formation in dendritic web Si were: to diffuse 

where phosphorus- and boron containing liquid metallo 
organic precursors were applied to the appropriate sides 
of a strip of dendritic web Si, dried and diffused at 
standard temperature/t ime cycles in a tube type diffusion 
furnace or a belt furnace; to drive the liquid dopants 
into the web surface using an excimer laser; and to in 
vest 1 gate for simultaneous junction formation using rapid 
thermal processing equipment. A cost analysis was per- 
formed on this third method for simultaneous junction 
formation and the results indicate greater than a 601 
saving (for this step) in a large scale automated pro- 
duction line. 


TITLB: Final Report. Pulsed Excimer Laser Processing for 

Cost-Effective Solar Cells 
AUTHOR: D. Wong 

CORPORATE AUTH: ARCO Solar, Inc. 

DATE: July 1, 1986 

REPORT NO: DOE-JPL 956631 85/2 

ABSTRACT: The application of excimer lasers in the fabri- 

cation of PV devices has been investigated extensively. 
Processes included junction formation, laser-assisted CVD 
metalli xat Ion , and laser assisted CVD surface passivation. 
Results demonstrated that implementation of junction for- 
mation by laser annealing in production is feasible because 
of excellent control in junction depth and quality. Both 
metallization and surface passivation, however, were found 
Impractical to be considered for manufacturing at this 
a t age . 
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TITLE: Solar Coll Module Performance, Environmental Teat, 

Handling, Storage and Inspection Procedure 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: July 27, 1976 

REPORT NO: 5101-6 

ABSTRACTS: This document covers the procedures for perfor- 

mance evaluation, environmental testing, handling, storage 
and inspection of sample solar cell modules form the 40 kW 
procurement. The tests to be conducted are shown on Fig. 1. 
There are four sets of tests to be performed, each on a 
different set of modules, designated Sets A, B, C, and D. 

Set A modules will be subjected to the same environments 
that the contractor will perform -thermal cycling and 
humidity. Electrical performance measurements will be 
made before and after each environmental exposure. Set B 
will subject a different set of modules to other terres 
trial environments- humidity/freezing, rain/heat, and salt 
fog. Set C modules will be subjected to an environment 
favorable to fungus growth to determine suitability for 
uae in certain moist, tropical areas. Set D modules will 
undergo a field test at a local site for various time 
periods interrupted by performance evaluations. Set A 
tests, thermal cycling and humidity, will be performed in 
Building 144. Test flow and test durations for Set A mod 
ules are shown In Fig. 6. This document contains test 
procedures for only set A tests at this time. Procedures 
for Set B, Set C, and Set l> tests will be generated in the 
near future . 


TITLE: Solar Cell Array Design Handbook.. Volume I 

EDITOR: H.S. Rauschenbach 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1976 

REPORT NO: JPL-SP-43-36 (VOL. 1) 

AVAILABILITY: NTIS 

ABSTRACT: The Solar Cell Array Design Handbook Is written 

»t a practicing engineering level and provides a compre 
hensive compilation of explanatory notes, design practices, 
analytical models, solar cell characteristics, and material 
properties data of interest to personnel engaged in Solar 
Cell Array Performance Specification, Hardware Design, 
Analysis, Fabrication and Test. Twelve handbook chapters 
discuss the following: Historical developments, the envi- 

ronment and its effects, solar cells, solar cell filters 
and covers, solar cell and other electrical interconnec 
tions, blocking and shunt diodes, substrates and deployment 
mechanisms, material properties, design synthesis and 
optimization, design analysis, procurement, production and 
cost aspects, evaluation and test, orbital performance, 
and illustrative design examples. A comprehensive index 
permits rapid locating of desired topics. 


TITLE: Solar Cell Array Design Handbook. Volume II 

EDITOR: H.S. Rauschenbach 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1976 

REPORT NO: JPL-SP-43 38 (VOL. 2) 

AVAILABILITY: NTIS 

ABSTRACT: This volume contains detailed design data In 

appendlx-like fashion and Includes solar cell performance 
data, applicable unit conversion factors and physical 
constants, and mechanical, electrical, thermal, optical, 
magnetic, and outgasslng material properties. Extensive 
references are provided. 


TITLE: Cyclic-Pressure Load Developmental Testing of 

Solar Panels 
AUTHOR: D. Moore 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1976 

REPORT NO: 5101-19 

AVAILABILITY: NTIS, PC A03/MF A01 


ABSTRACT: Nine solar panels of 5 different designs were 

subjected to a 50 lb/ft 2 uniform load which was alter- 
nately applied to the front and back sides of the panel. 

The loading was intended to simulate periodic recurrence 
of wind loading over the lifetime of a solar panel. Each 
of the 5 designs was subjected to at least 10,000 pressure 
cycles. No gross structural failures occurred. One of the 
designs failed regularly at the cell interconnects. An- 
other design shorted out one or more cells upon panel 
flexure. Both problems are readily explained in terms of 
design deficiencies in the cell interconnects, and there 
fore appear to be easily remedied in future designs. The 
cyclic pressure loading apparatus developed as part of this 
effort performed more than 130,000 cycles to the various 
panels tested. 


TITLE: Availability of UV Radiation Data (For 

Encapsulation System Design) 

AUTHOR: C. Gonzalez 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1977 

REPORT NO: 5101-13 

ABSTRACT: The purpose of this report is to review the 

literature in order to determine the availability and 
adequacy of UV data which is required to predict the 
effects of solar UV radiation (less than 4000 A° mag 
nitude and spectral distribution) on terrestrial solar 
cell encapsulants . In addition, the characteristics of UV 
radiation which affect the amount reaching the Earth's 
surface will be considered. The parameters and relation- 
ships reviewed include: the ratio of the UV (selected 

bands) intensity to the total surface Incident horizontal 
solar radiation; seasonal and diurnal UV variation; atmos 
pheric conditlons-haze, turbidity, smog, ozone; UV varia 
tion with solar altitude; UV variation with receiving 
plane orientation; ground reflectance; ratio of direct - to- 
dlffuse radiation; and anisotropy of sky UV . 


TITLE: Test Program on Low Cost Connector For Solar Array 

Modules 

AUTHOR: A.H. Cantu 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1977 

REPORT NO: 5101-20 

ABSTRACT: A recently-developed low-cost electrical connec- 

tor (the ITT Cannon Sure Seal) was selected for and subjec 
ted to a qualification test series related to terrestrial 
solar-array applications. Ninety-four mated pairs were 
subjected to an environmental test program to determine 
whether this connector could be used in this application. 
The solar panel interconnect requirement for voltages in 
the 220 250 Vdc range appears to be adequately met by this 
connector. The connector was originally designed for auto 
motive use at a 12 Vdc working voltage level. The simpli 
city of its design and its low cost made it an attractive 
candidate for this test. The connector body is made by in 
jecting a Nitrile rubber and PVC compound into separate 
male and female molds. The contacts are a stamped copper- 
alloy tin-lead plate. The cost of a 4 contact mated pair 
connector is approximately 11.25 in quantities. The re 
suits indicate that the present production configuration 
while performing better than expected under environmental 
exposure still has some problems. The Nitrile rubber, PVC 
compound connectors were attacked harshly by the ozone and 
UV environments. The EPDH connectors are not in produc 
tion; however, a few samples were available for test. In 
general, they performed better than the Nitrile rubber 
PVC. The ozone and UV did not significantly affect them 
The contact resistance seemed to increase more than the 
Nitrile rubber PVC connectors when exposed to moisture. A 
new configuration with a longer wire entry barrel will 
provide added protection. The insulation resistance of 
the EPDH was outstanding. EPDM connectors are not as 
resilient as the other connectors, as evidenced by some 
elongation of the wire entry holes, but this condition can 
be alleviated by prudent wire routing. 
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TITLE: Summary Results of Block I {46 kV) Module Testing 

AUTHOR: J.S. Griffith and S.G. Sollock 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: May 1977 

REPORT NO: 5101-27 

ABSTRACTS: This report documents the test procedure and 

the results of testing the modules procured by JPL under 
Block I. Included are tabulations of module features and 
performance data, descriptions of the variety of explora- 
tory tests, a summary of the analysis of problems and 
failures and a summary of conclusions and recormnendat 1 ons . 


TITLE: Thermal Performance Testing and Analysis of PV 

Modules In Natural Sunlight 
AUTHOR: J.W. Stultz and L.C. Wen 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: July 1977 

REPORT NO: 5101-31 

ABSTRACT: The electrical power output of PV solar cell 

modules is dependent upon the operating temperature of the 
cells, and decreases at a rate of approximately 0 . 5%°C 
with increasing cell temperature. Because of this tempera- 
ture senaltlvlty, It Is important to understand the thermal 
characteristics of modules so that modules and their sup- 
porting structures can be designed to reduce cell tempera 
ture to the extent that It is cost-effective. An under- 
standing of module operating temperature characteristics 
is also necessary to allow accurate prediction of module 
power output under field operating conditions, and to allow 
accurate comparison of the field electrical performance of 
alternate module designs. The activity described in this 
report was conducted throughout 1976 as a part of the 
Engineering Area of the JPL LSSA Project, At the start of 
the investigation, available data was limited on several 
key parameters necessary to design, predict, and compare 
the thermal- elec tr leal performance of terrestrial flat- 
plate solar cell modules. In particular, the thermal 
performance of current commercially available modules was 
unknown and the thermal significance of the key environ- 
mental and module thermal parameters was not well under 
stood. As a result, a combined study was undertaken to 
characterize types and, simultaneously, to develop a basic 
understanding of the Important thermal properties (envi 
ronmental and module related) that could guide future 
module developments. 


TITLE: LSSA Field Test Activity System Description 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 1977 

REPORT NO: 5101-39 

ABSTRACT: The purpose of this memorandum is to provide 

details of the current status and plans of the Field 
Testing Activity. An attempt has been made to incorporate 
into these plans the capability of being responsive to the 
changing needs of the Project. This has, hopefully, been 
accomplished by not only recognizing near-term require 
ments but also by providing embedded flexibility in the 
structure of the activity. The objectives of the Activity 
are to (1) obtain high quality continuous performance 
field data on a limited quantity of modules; (2) track 
module degradation to provide a b§9e for the development 
of endurance projection techniques; (3) develop improved 
in-situ diagnostic testing tools and analytical tech 
niques; (4) provide confirmation data for qualification 
testing, and (5) provide real-t ime/real weather facilities 
for general Project use. 


TITLE: Humidity and Temperature Cycling Tests of 

Spectrolab Solar Cells 
AUTHOR: J.S. Griffith 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 1977 

REPORT NO: 5101-42 


ABSTRACTS: Seventy- two new Spectrolab evaporated contact 

solar cellB and eight older Process A printed contact 
cells were tested at JPL to determine if the former would 
be a suitable replacement for the older type in production 
solar modules. Cells were divided into three lots: one 

lot received humidity exposure, the second lot humidity 
and temperature cycling, and the third lot was held out 
for control. Results indicate that the newer evaporated 
contact cells are much superior to the older cells based 
on electrical tests and mechanical tab pull tests. Pull 
testa of soldered tabs on the contacts were Inconclusive. 
This can be attributed in the case of the evaporated 
contacts to difficulties in soldering tabs to the cells. 


TITLE: User Handbook for Block II Si Solar Cell Modules 

AUTHOR: M.I. Smokier 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1977 

REPORT NO: 5101-36 

ABSTRACT: The program of the LSSA Project Includes a 

series of competitive procurements of production quan- 
tities of solar cell modules. The objectives of this 
procurement effort are to stimulate reduction in manu- 
facturing coat and to provide modules for test of solar 
cell arrays in practical applications. The first In this 
series of procurements, designated Block I, included the 
purchase from five contractors of a quantity of modules 
having a total nominal power output of about 58 kW. These 
Modules were procured to the contractor’s specifications 
as a means of ascertaining the state of the art of ter 
restrlal solar cell modules and of providing modules for 
early test and applications programs. Block II, the 
second in the series of procurements, involved purchase of 
123 kW of total power capacity from four contractors. 

Block II introduced a degree of standardization by defin 
ing the module design specifications and by providing for 
a design qualification test program. The purpose of this 
User Handbook is to supply engineering data necessary for 
planning or investigating application programs utilizing 
the Block II modules. 


TITLE: Module Efficiency Definitions, Characteristics and 

Examples 

AUTHOR: R. Grippi 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1977 

REPORT NO: 5101 43 

ABSTRACT: With the current trend toward lower module 

dollar-per watt cost, present system studies are placing 
greater emphasis on module efficiency since area related 
costs become a greater portion of the system costs. The 
increased emphasis on module efficiency provides the need 
for establishing a standard method for specifying, compsr 
ing and discussing module efficiency. This report presents 
the definition of module efficiency and discusses the 
factors that comprise module efficiency. In addition, 
numerous examples of module efficiency factors are pre 
sented and discussed based on existing JPL large scale 
procurements and research and development modules. Con 
elusions are drawn as to the maximum module efficiency 
possible with current technology. 


TITLE: Environmental Hail Model For Assessing Risk t.o 

Solar Collectors 
EDITOR: C. Gonzalez 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 1977 

REPORT NO: N 78 26541, and 5101 45 

AVAILABILITY : NTIS, PC A04/MF A01 

ABSTRACT: The probability of solar arrays being struck by 

hailstones of various sizes as a function of geographic 
location and service life was assessed. The study comple 
ments parallel studies of solar array sensitivity to hail 
damage, the final objective being an estimate of the most 
cost effective level for solar array hail protection. 
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TITLE: Interface Management Plan for Block: III Solar Call 

Module* in Field Test and Applications 
CORPORATE AUTH : Jet Propulsion Laboratory 

DATE: December 2, 1977 

REPORT NO: 5101-48 

ABSTRACTS: This plan is intended to provide clarification 

for the user regarding responsibilities and interfaces of 
JPL and Block III module users. The provisions herein 
apply to modules procured by JPL for DOE during 1978 In 
the following quantities, hereafter referred to as Block 
III. The Block III procurement supports the project 
objective to increase manufacturing capacity and reduce 
the price of solar cell modules and to provide modules for 
test and application projects sponsored by DOE. 


TITLE: Measurement of Solar and Simulator UV Spectral 

Irrad i ance 
AUTHOR: R.S. Estey 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 1978 

REPORT NO: 5101-58 

ABSTRACT: This report presents in summary form the Inten- 

sity and spectral characteristics of the sun and various 
engineering sources of radiation relevant to the operation 
and testing of PV cell arrays and presents a description 
of the characteristics and operation of a spectrorad iometer 
system developed to measure and document the radiation from 
the source of Interest. Sun and other source measurements 
support durability studies of external surfaces exposed to 
sun and weather. These studies are a part of the LSSA pro 
gram to develop low cost and long life solar cells. This 
report discusses the characteristics of sun and sky radi 
atlon, the UV from the solar simulators, the details of 
the UV spec trorad 1 ometer system and field measurements. 


TITLE: PV Module Design, Qualification, and Testing 

Spec i f icat 1 on 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 1978 

REPORT NO: DOE- JPL 1012-78/7A, and 5101 65 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: This specification establishes minimum design, 

qualification and acceptance requirements for terrestrial 
solar cell modules suitable for incorporation in PV array 
applications in the 20 kW to 500 kW range, such as defined 
by DOE PRDA EM- D 04-0038. Both mandatory and recommended 
requirement levels for selected performance criteria have 
been specified for modules within these arrays. As appli- 
cable, the manufacturer/contractor shall be responsible 
for generation and selection of appropriate design or test 
levels within the scope of these criteria. Specification 
of any additional requirements as necessary to satisfy the 
particular array or system application shall be the respon 
sibillty of the manufacturer/contractor. Environmental 
requirements imposed by this specification are considered 
to be the minimum level acceptable to DOE. Test procedure* 
are detailed. 


TITLE: Thermal and Other Tests of PV Modules Performed in 

Natural Sunlight 
AUTHOR: J.W. Stultz 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: July 1978 

REPORT NO: DOE JPL 1012-78/9, and 5101-76 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: The electrical power output of PV solar cell 

modules is dependent upon the operating temperature of the 
cells, and decreases at a rate of approximately 0.5% per 
°C with increasing cell temperature. Recause of this 
temperature sensitivity, It is Important to understand the 
thermal characteristics of modules so that modules and 
their supporting structures can be designed to reduce cell 
temperature to the extent that it is cost effective. An 


understanding of module operating temperature character- 
istics is alao necessary to allow accurate prediction of 
module power output under field operating conditions, and 
to allow accurate comparison of the field electrical per- 
formance of different module designs. The activity 
described in this report was conducted throughout 1977 and 
during the first half of 1978, as a part of the Engineering 
Area of the JPL LSA Project. This report Is a follow-up 
of the firat thermal report (5101-31) and covers all the 
thermal activity In this interim period. The bulk of the 
testing has been the characterization of twenty-nine 
modules according to their NOCT and the effect on NOCT of 
changes in module design, various residential roof mounting 
configurations, and dirt accumulation. Other tests, often 
performed parallel with the NOCT measurements, evaluated 
the improvement in electrical performance by cooling the 
modules with water and by channeling the waste heat into a 
phase change material (wax). Electrical degradation 
resulting from the natural marriage of PV and solar water 
heating modules was also demonstrated. Cost effectiveness 
of each of these techniques are evaluated In light of the 
LSA cost goal of $0.50 per watt. 


TITLE: Field Test Annual Report, August 1977-August 1978 

EDITOR: P. Jaffe 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 15 September 1978 

REPORT NO: DOE-JPL 1012-78/12, and 5101-85 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: The JPL life testing program for solar cell 

arrays is described. The testing sites include one at 
JPL, one at Table Mountain in the San Bernardino 
Mountains, one In the desert at Coldstone near Barstow, 
California, and one at the Coast Guard facility at Point 
Vincente on the Palos Verdes Peninsula. The test stands 
and data acquisition systems are described, snd te 9 t 
results are presented and discussed. 


TITLE: PV Solar Panel Resistance to Simulated Hail 

EDITOR: D. Moore and A. Wilson 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1978 

REPORT NO: DOE JPL 1012-78/6, and 5101-62 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: As part of the JPL's LSA Project, test methods 

have been evaluated and procedures developed for testing 
PV flat-plate solar cell modules for resistance to impact 
by hailstones. Testing has included the use of simulated 
hailstones (frozen ice spheres projected at terminal 
velocity), steel balls, and other projectile types applied 
with three loading methods: Pneumatic gun, gravity drop, 

and static loading. Results are presented that compare 
the advantages and disadvantages of the three te 9 t methods. 
The critical failure mechanism of each module type is 
explored and means for improving the hail resistance of 
future modules are described. 


TITLE: Bias Humidity Testing of Solar Cell Modules 

AUTHOR: A . R . Hoffman and E.L. Miller 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1978 

REPORT NO: DOE-JPL 1012-78/11, and 5101-84 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: Humidity-related degradation of solar cella and 

modules is well known from both space and terrestrial 
experience. Current humidity cycling tests being applied 
flat plate modules (References 1, 2) are ’'survival” 
tests, l.e., the modules are not operating - no illumi- 
nation, no voltage, terminala short-circuited. A standard 
environmental test in the semiconductor industry is to 
subject devices to 85°C, 85% relative humidity while 
imposing a voltage bias across the device (Reference 3). 

A TV manufacturer in Japan found a positive correlation 
between MTBF from an accelerated life test (TV set operat- 
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ing) at high temperature and high humidity and HTBF from 
field conditions (Reference 4). The results Indicated 
that for each hour of operation at 35°C and 95% relative 
humidity, the manufacturer expected about 16.8 hours of 
operation under field conditions. Also, experienced 
people at JPL noted that with an applied voltage humidity 
combination using a ground plane the resulting electrolysis 
would accelerate the deterioration of the insulating mater- 
ial. Furthermore, if a voltage gradient from cell to cell 
were applied, metal migration may be accelerated. For 
these reasons, the feasibility and value for solar cell 
modules of a humidity test combined with a voltage bias 
was an appropriate subject for research and development. 

The objectives of the bias humidity efforts were: to 

develop testing procedures combining voltage biasing with 
a humidity cycle for the purpose of accelerating failure 
mechanisms which may occur In long term field use, to de- 
fine the bias humidity tolerance of current PV module de 
signs, to define design changes associated with Improving 
bias-humidity tolerance, and to determine value of bias 
humidity testing as a mandatory qualification test. This 
report describes the results associated with these efforts. 


TITLE: Quality System Requirements for Flat-Plage Solar 

PV Systems: General Specification 

AUTHOR: G. Inskeep, and K . Anhalt 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 23, 1978 

REPORT NO: 5101-97 

ABSTRACT: This specification covers (he quality system 

requirements for flat-plage solar PV systems. It Includes 
a definitive outline of quality oriented activities to be 
pursued by the contractor to assure the physical and opera 
tlonal quality of delivered hardware. To the greatest 
extent possible, the contractor’s existing quality and 
inspection programs shall be used to minimize changes to 
an acceptable operating quality systems. 


TITLE: Block IV Solar Cell Module Design and Test 

Specification for Intermediate Load Center 
Appl icat ions 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1978 

REPORT NO: DOE JPL 1012-78/10, and 5101 16, Rev. A 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: This document establishes requirements for per- 

formance of terrestrial solar cell modules intended for 
use in various test applications typically characterized 
as Intermediate load centers. During the 1979 80 time 
period, such applications are expected to be in the 20 kW 
to 500 kW size range. In general, modules satisfying 
these requirements will have the following design features 
and characteristics: (1) 15.0 Vdc nominal operating volt- 

age; (2) ability to be series connected to operating volt 
ages of 500 Vdc, (3) Nominal length of 1.2 m; (4) Width 
from 0.2 m to 1.2 m in 20 mm increments; (5) output power 
rated at the Standard Operating Conditions; (6) Flat plate 
configuration (non-concentrating). In addition to module 
design and performance requirements, a series of character 
Ization and qualification tests necessary to certify the 
module design for production, and the necessary performance 
tests for acceptance of modules are also specified. 

Applicable Documents 

The following documentation is applicable to the extent 
specified : 

1. Military: WIL-STD-810 C, Environmental Test Methods, 

March 10, 1975 

2. Energy Research and Development Administration: 

TM 73702, ERDA/NASA/1022 77/16 "Terrestrial 

PV Measurement Procedures,** June 1977, Lewis Research 
Center, Cleveland, Ohio, 44135. 


TITLE: Block IV Solar Cell Module Design and Test 

Specification for Residential Applications 
CORPORATE AUTH' Jet Propulsion Laboratory 
DATE: November 1978 

REPORT NO: DOB- JPL 1012-78/14, and 5101 83 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: This specification provides near term design, 

qualification and acceptance requirements for terrestrial 
solar cell modules suitable for incorporation in PV power 
sources (2 kW to 10 kV> applied to single family residen- 
tial installations. Requirement levels and recommended de 
sign limits for selected performance criteria have been 
specified for modules intended principally for rooftop 
installations. Modules satisfying the requirements of 
this specification fall into one of two categories, real 
dential panel or residential shingle, both meeting general 
performance requirements plus additional category peculiar 
constra l nts . 


TITLE: Acceptance/Rejection Criteria for JPL/LSA Modules 

AUTHOR: W.E. Bishop and K.J. Anhalt 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 3, 1978 

REPORT NO: 5101 21, Rev B. 

ABSTRACT: The objective of this document Is to establish 

the basis for the workmanship inspection criteria which 
are to be written and made a part of the Inspection System 
Plan used In the production of solar cell modules procured 
for the JPL LSA Project. The criteria, terminology, and 
illustrations are derived from the details of specific 
module designs. It is understood that the criteria pre 
sented herein may not be applicable to certain module 
designs, and that other module designs will contain fea 
tures which require criteria not presented in this docu 
ment , but which must be included in the operational 
Inspection System Plan. 

TITLE: Solar Cell Module Problem/Fa l lure Reporting 

Procedure 

AUTHOR: Operations Area 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1979 

REPORT NO: 5101 26, Rev. A 

ABSTRACTS: The problem/failure reporting system is de- 

scribed, and detailed Instructions are provided for the 
initiation, review and closeout of Problem/Failure Reports 
( P/FRs ) . 


TITLE: Environmental Testing of Block II Solar Cell 

Modules 

EDITOR: J.S. Griffith 

CORPORATE AUTHOR: Jet Propulsion Laboratory 

DATE: January 1, 1979 

REPORT NO: DOE- JPL 1012-79/1, and 5101-98 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: The results of environmental tests of Block II 

solar modules are described. Block II was the second 
large scale procurement of Si solar cell modules made by 
the JPL LSA Project with deliveries In 1977 and early 
1978. The results of testing showed that the Block II 
modules were greatly improved over Block I modules. In 
several cases it was shown that design improvements were 
needed to reduce environmental test degradation. These 
improvements were incorporated during this production run. 


TITLE: User Handbook for Block III Si Solar Cell Modules 

AUTHOR: MI. Smokier 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1979 

REPORT NO: DOE/ JPL-1012- 79/6 , and 5101 82 
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ABSTRACT: The LSA Project has Included a series of compet- 

itive procurements of production quantities of solar cell 
modules. The objectives of this procurement effort were 
to stimulate reduction In manufacturing cost and to provide 
modules for test of solar cell arrays In practical applica- 
tions. The first in this series of procurementa , desig- 
nated Block 1, included the purchase from five contractors 
of a quantity of modules having a total nominal power out- 
put of approximately 58 kW. These modules were procured 
to the contractors* specifications as a means of ascertain- 
ing the state or-the-art of terrestrial solar cell modules 
and of providing modules for early test and applications 
programs , Block II, the second in the series of procure- 
ments, Involved purchase of 123 kW of total power capacity 
from four contractors. Block II introduced a degree of 
standardization by defining the module design specifica- 
tions and by providing for a design qualification test 
program. The Block II modules are described in JPL docu- 
ment 5101-36, "User Handbook for Block II Silicon Solar 
Cell Modules. " Block III, the third in the series, con- 
sisted of procurement of a nominal 205 kW of total power 
capacity from five contractors. The design specifications 
were essentially the same as for Block II. As no design 
or development was permitted under the contracts, only 
designs which previously had been qualified by JPL were 
eligible for Block III contracts. 


TITLE: Module Performance Assessment: Laboratory and 

Field Environment 
AUTHOR: P. Tsou and D. Schwartz 

CORPORATE AUTH : Jet Propulsion Laboratory 

DATE: March 1979 

REPORT NO: DOE-JPL 1012-23, and 5101 96 

ABSTRACT: This report examines several methods that can 

be used to assess the performance of solar modules in a 
terrestrial environment. The report presents results that 
ere derived from extensive laboratory and field measure- 
ments on four Solarex Energizer modules. The major 
thrusts of this study are 1) an analysis of the IV curve 
translation model that is currently being used to correct 
field and laboratory measurements for temperature and solar 
insolation variations, and 2) a characterization of module 
performance parameters as functions of solar insolation 
and temperature. Applications of the above techniques to 
the assessment of performance degradation due to dust in 
the field environment are reported. 


were delivered in 1978. Block III modules continue to 
show Improvements over Block I and Block II modules. Cell 
cracking and delemlnation are less prevalent, and Inter- 
connect problems and electrical degradation from 
environmental testing are now rare. 


TITLE: Field Test Annual Report August 1978-August 1979 

AUTHOR: p. Jaffe 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 1979 

REPORT NO: DOE-JPL 1012-38, JPL Pub. 80-5, 5101-141 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: In the course of three years of testing no 

evidence has resulted to suggest that the twenty- year- 1 i fe 
goal for PV modules will not be met. Results of studies 
of more than 600 modules under test show that they are 
generally enduring well both electrically and physically, 
particularly those from more recent procurements. Degrada 
tion tests performed at JPL indicate that electrical degra 
datlon la not a slow monoton lea 1 ly increasing phenomenon 
as originally thought but occurs abruptly as the result of 
some traumatic event. This finding has led to a change in 
the test philosophy. The report Includes a discussion of 
this change, a summary of degradation and failure data 
from all the sites, results from a variety of special 
tests, and a description of new instrumentation for in 
field measurements. The field testing activity was 
expanded by the addition of twelve remote sites located as 
for away as Alaska and the Canal Zone. A description of 
the new sites is also Included. 


TITLE: 1982 Technical Readiness Module Design and Test 

Specification - Intermediate Load Applications 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1980 

REPORT NO: DOE-JPL 1012-36, and 5101-138 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: This document establishes the requirements for 

the design and test of terrestrial solar cell modules for 
one phase of DOS's LSA Project. Modules designed to meet 
this specification are intended to show that technology 
needed to meet the overall project goals for 1986 can be 
demonstrated In 1982 for intermediate load applications 


TITLE: The Zero Depth Concentrator Phenomenon 

AUTHOR: J.G. Mark and C.H. Volk 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 6, 1979 

REPORT NO: 5101-136 

ABSTRACT: The zero depth concentrator phenomenon, dis- 

covered by the General Electric Co., refers to the enhance- 
ment of the solar cell electrical output due to internally 
reflected light from the white background of a glass 
covered solar cell array. We have undertaken to describe 
this enhancement effect In terms of a serleB of basic 
models which yield an intuitive understanding of the 
mechanisms and allow trade off considerations of some 
design parameters. 


TITLE: Environmental Testing of Block III Solar Cell 

Modules. Part I: Qualification Testing of 

Standard Production Modules 
AUTHOR: J.S. Griffith 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 1979 

REPORT NO: DOE-JPL 1012-30, JPL Pub. 79-96, 5101-134 

AVAILABILITY: NTIS, PC A02/MF A01 

ABSTRACT: This report describes the results of qualifica- 

tion teats of Block III solar modules. Block III was the 
third large-scale procurement of Si solar cell modules 
made by the JPL LSA Project; the qualification modules 


TITLE: Proposed Method for Determining the Thickness of 

Glass In Solar Collector Panels 
AUTHOR: D.M. Moore 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 1980 

REPORT NO: DOE-JPL 1012-41, JPL Pub. 80 34, 5101-148 

AVAILABILITY: NTIS, HC A04/MF A01 






■ ana ly c 

method has been developed for determining the minimum 
thickness for simply supported, rectangular glass plates 
subjected to uniform normal pressure environmental loads 
such as wind, earthquake, snow, and deadweight. The method 
consists of comparing an analytical prediction of the 
stress in the glass panel to a glass breakage stress 
determined from fracture mechanics considerations. Based 
on extensive analysis using the nonlinear finite element 
structural analysis program ARGUS, design curves for the 
structural analysis of simply supported rectangulsr plates 
have been developed. These curves yield the center deflec- 
tion, center stress and corner stress as a function of a 
dimensionless parameter describing the load intensity. 
Results are Included for plates having length to width 
ratios of 1, 1.5, 2, 3 and 4. The load range considered 
extends to 1000 times the load at which the behavior of 
the plate becomes significantly nonlinear. Over the load 
range analyzed, the analysis shows that the ratio of center 
deflection to plate thickness for a plate of length- to- 
width ratio of 4 is less than 70 to 1, whereas linear 
theory would predict a center deflection about 1200 times 
the plate thickness. The stress Is also markedly lower 
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than would be predicted by linear theory. These analytical 
reaulta show good agreement with the analytical and experi- 
mental work of others. A method of estimating the glass 
breakage stress as a function of a specified failure rate, 
degree of glass temper, design life, load duration time, 
and panel sire Is presented. Development of this method 
consisted largely of collecting and/or adapting, in con 
venient form, the best available information from the 
literature. To establish the glass breakage stress versus 
probability of failure, the experimental data of other 
investigators has been reanalyzed to obtain a "best-fit" 
Velbull statistical distribution. This state of-the art 
analysis yields the glass breakage strength as a function 
of failure probability. 


TITLE: Insolation at Goldstone - 1976 

AUTHOR: R.S. Estey 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: May 1980 

REPORT NO: 5101-153 

ABSTRACT: Radiometer data for 1976 have been extracted 

from ongoing measurements made at the Goldstone Tracking 
Station and are presented In Tables and Graphs displaying 
values of direct and global solar energy. 


TITLE: Flat-Plate PV Module and Array Circuit Design 

Optimization Workshop Proceedings 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: May 1980 

REPORT NO: 5101-170 

ABSTRACT: Thla document contains the proceedings of the 

Flat-Plate PV Module and Array Circuit design Optimization 
Workshop held at JPL during May of 1980 The workshop was 
held to discuss the problem of optimizing terrestrial PV 
array cell and circuit reliability snd the methods of 
resolving this problem. The objective of the workshop was 
to Investigate the effectiveness of certain circuit-design 
strategies in ameliorating the effects of faults on module 
and array-system performance. A set of guidelines was 
presented for use In developing module and array system 
circuit design strategies that maximize reliability through 
use of fault-tolerant circuiting. For simplicity, the 
open-circuit cell interconnect failure mode was emphasized 
in the workshop. Cost and efficiency values presented in 
the proceedings are values accepted at the time of the 
workshop. All costs are in 1975 dollars. 


TITLE: PV Module Soiling Studies May 1978 to October 1980 

AUTHOR: A.R. Hoffman, and C.R. Maag 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1980 

REPORT NO: DOE JPL 1012 99, JPL Pub. 80-87, 5101-131 

AVAILABILITY: NTIS, PC A04/HF A01 

ABSTRACT: The retention of particulate contamination on 

the surface of flat-plate PV devices Is adversely affect- 
ing electrical performance of outdoor- e xposed modules. 

This report describes the results of an experimental study 
being performed by the JPL's LSA Project to characterize 
and understand the effects of outdoor contaminants on sen 
sitive optical surfaces of flat-plate PV modules and cover 
materials. Comparative electrical and optical performance 
data from PV modules and materials subjected to outdoor 
exposure at field test sites throughout the United States 
have been collected and examined. The results show signif- 
icant time- and s 1 te- dependence . During periods when 
natural removal processes do not dominate, the rate of 
particulate contamination accumulation appears to be 
largely material dependent . Glass and acrylic top cover 
materials retain fewer particles than silicone rubber 
does. Side by-slde outdoor exposure testing for long 
duration Is presently the most effective means of evalu 
ating soiling differences between materials. Changes in 
spectral transmission as a function of time and location 
and limited scattering data are presented. 


TITLE: Determining Terrestrial Solar Cell Reliability. 

Proceeding of Workshop 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1980 

REPORT NO: 5101-163 

ABSTRACTS: This document Is an outgrowth of a workshop on 

"Determining Terrestrial Solar Cell Reliability," which was 
held May 1-2, I960, at Clemson University, Clemson, South 
Carolina. The workshop was organized jointly by JPL end 
Clemson University, snd was sponsored by the LSA Project. 
The purpose of the workshop was the critical review of Si 
solar cell teat results from a reliability testing program 
being carried out by Clemson University. Since 1977 Clem- 
son has conducted experimental reliability Investigations 
on more than 1000 unencapsulated solar cells procured from 
seven PV industry manufacturers . A total of 33 persons 
attended the workshop, representing fourteen organizations 
Including private industry, national laboratories, snd 
universities. This group of basic scientists, design 
engineers, and personnel involved in quality assurance and 
module/array field reliability participated actively in 
two days of workshop activities which included technical 
sessions, a tour of the test facilities, review of relia- 
bility test methods for solar cells, critique of test 
results, and moderated discussion sessions. The workshop 
provided a forum for productive discussion of various 
aspects of solar cell reliability by a broad spectrum of 
PV industry personnel. Much valuable information was 
exchanged, and recommendations were made regarding the 
validity of reliability data obtained to date and the 
direction in which future work should be channeled 
Included are reproductions of graphic presentation mater 
ials and highlights of discussions related to solar cell 
reliability test methods. 


TITLE: Field Test Annual Report August 1979 August 1980 

AUTHOR: P. Jftffe 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 1980 

REPORT NO: DOE JPL 1012-52, JPL Pub. 81-71, 5101-166 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: After almost four years of endurance testing of 

PV modules, no fundamental 1 i f e- 1 imi t l ng mechanisms have 
been identified that could prevent the twenty-year life 
goal from being met. The endurance data show a continual 
decline in the failure rate with each new large scale pro 
curement. Cracked cells and broken interconnects continue 
to be the principal causes of failure. Although the mod 
ules are more adversely affected physically by hot, humid 
environments than by cool or dry environments, there are 
insufficient data to correlate failures with environment. 
There is little connection between the outward physical 
condition of a module and changes in its electrical per 
formance. Electrical degradation Is a transient condition 
that is generally intermittent and Is present before a 
module destined to fail finally fails. Analysis of year 
long electrical performance data indicates that the fill 
factor Is Insensitive to most measurement problems and 
remains the best diagnostic tool for determining module 
degradation. Investigations at the JPL site reveal that 
shadowing the indirect component of irradlance can reduce 
the electrical output of modules and result in anomalous 
performance data Extrapolating this result to arrays 
suggests that a loss of power can result if indirect 
shadowing is not considered in the array layout. The in 
troduction of the Portable I-V Data Logger was a success 
About 1200 high quality I-V curves were obtained during a 
tour of the 15 remote sites. Next year a major reorgan 
ization in the inventory of test modules is planned. A 
significant portion of the older modules will be removed 
and replaced with modules from the upcoming Block IV large 
scale procurement. 
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TITLE: The Correction for Spectral Mismatch Effects on 

the Calibration of a Solar Cell When Using a Solar 
Simulator 

AUTHOR: C.H. Seaman 

CORPORATE AUTH : Jet Propulsion Laboratory 

DATE: January 1981 

REPORT MO: DOE-JPL 1012-50, and 5101-169 

ABSTRACT: A general expression has been derived to enable 

calculation of the calibration error resulting from 
simulator-solar AMX spectral mismatch and from reference 
cell-test cell spectral mismatch. The Information required 
Includes the relative spectral response of the reference 
cell, the relative spectral response of the cell under 
test, and the relative spectral Irradlance of the simulator 
(over the spectral range defined by cell response). The 
spectral irradlance of the solar AMX is assumed to be 
known . 


TITLE: Block V Solar Cell Module Design and Test 

Specification for Intermediate Load Applications 
1981 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 20, 1981 

REPORT NO: 5101-161 

AVAILABILITY: NTIS, PC A02/HF A01 

ABSTRACTS: This document establishes the requirements for 

the design and test of terrestrial solar cell modules for 
one phase of DOS's LSA Project. Intermed l ate- load modules 
designed to meet this specification will generally have 
the following design features and characteristics: (1) V 
between 5 Vdc and 20 Vdc ; (2) ability to be series 00 

connected to worst case open circuit voltages of 1000 Vdc; 

(3) Dimensions not exceeding 1.2? m x 2.44 m (4 ft x 8 ft), 

(4) flat-plate configuration (non-concentrating); and 

(5) output power referenced to NOC and V no . m addition 
to module design and performance requirements, a series of 
characterization and qualification test are also specified. 


TITLE: Block V Solar Cell Module Design and Test 

Specification for Residential Applications 1981. 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1981 

REPORT NO: 5101-162 

ABSTRACT: This specification provides near term design, 

qualification and acceptance requirements for terrestrial 
solar cell modules suitable for incorporation in PV power 
sources (2 kW to lOkW) applied to single family residen 
tial installations. Requirement levels and recommended 
design limits for selected performance criteria have been 
specified for modules intended principally for rooftop 
installations. Modules satisfying the requirements of 
this specification fall into one of two categories, resi- 
dential panel or residential shingle, both meet i ng ’ general 
performance requirements plus additional category peculiar 
constraints. Residential modules designed to meet this 
specification will generally have the following design 
features and characteristics: (1) v no between 5 Vdc and 
20 Vdc; (2) Ability to be series connected to worst-case 
open circuit voltages of 300 Vdc; (3) Mounting arrangement 
compatible with new or existing residences; (4) flat plate 
configuration (non concentrating) ; and (5) output power 
referenced to NOC and V no . In addition to module design 
and performance requirements, a series of characterization 
and qualification tests are also specified. 

TITLE: Interim Standard for Safety: Flat Plate PV 

Modules and Panels. Volume I: Construction 

Requi rements 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 20, 1981 

REPORT NO: 5101-164, Vol . I 

ABSTRACTS: Underwriters Laboratories, Inc., has conducted 

a study of present PV module array designs and configure 


tions likely to be used in residential, commercial, and 
industrial applications. That investigation of engineer- 
ing safety requirements has resulted in the development of 
this Interim Standard for Safety. This document, primarily 
written by UL, is published in two volumes. Volume I, 
Cons truction Requirements, contains safety requirements 
for flat-plate PV modules and panels. Volume II, Perfor - 
mance Requirements, contains test procedures and methods 
to verify compliance with the safety requirements set 
forth in Volume I. The purpose of this documents is to 
offer to the flat-plate PV community, for trial use, this 
Interim Standard for Safety. Volume I is intended to be 
used on a trial basis with the latest Block V Module 
Procurement Specifications for Intermediate Load and 
Residential Applications, 5101-161 and 5101-162, respec- 
tively. Volume II contains test methods currently defined 
within the above module specifications together with 
additional tests under consideration by UL. Volume II is 
n ot intended for immediate use, but is designed to serve” 
as a focus for review and Iteration of future tests. The 
results of feedback on these volumes will be submitted to 
UL for further refinement and ultimately for publication 
as a standard containing basic requirements for products 
covered by UL under its Follow-Up Service. 


TITLE: Low-Cost Solar Array Structure Development 

AUTHOR: A.H. Wilson 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1981 

REPORT NO: DOE-JPL 1012-53, and 5101-165 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: Early studies of flat-plate arrays have project 

coats on the order of $50/m ? for Installed array support 
structures. This report describes an optimized low-cost 
frame-truss structure that Is estimated to cost below 
t25/m , including all markups, shipping and installa- 
tion. The structure utilizes a planar frame made of mem 
bers formed from light-gauge galvanized steel sheet and is 
supported in the Held by treated- wood trusses that are 
partially burled In trenches. The burled trusses use the 
overburden soil to carry uplift wind loads and thus to 
obviate rei nforced-concrete foundations. Details of the 
concept, including design rationale, fabrication and 
assembly experience, structural testing and fabrication 
drawings are included. 


TITLE: Field Test Annual Report - August 1980-August 1981 

AUTHOR: P. Jaffe, R.W. Weaver and R.H. Lee 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 1981 

REPORT NO: DOE-JPL 1012 59, and 5101-197 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: A complete restructuring of FSA Project field- 

test activity was done during the past year; its major 
element was redirecting emphasis away from collecting 
endurance data and toward the early identification and 
analysis of fundamental module problems. To support this 
shift and to accommodate an expected reduction in 
resources: (1) the 12 Continental Remote Sites have been 

decommissioned; (2) testing has been consolidated into a 
five- site network consisting of the four Southern 
California sites and a new Florida site; (3) 16 kW of new 
state of the art modules are being deployed at the five 
sites; (4) testing of the old modules Is continuing at 
the Goldstone site but as a low priority item; (5) the 
major thrust of the new emphasis early problem detec- 
tion will be accomplished by array testing of modules at 
the JPL site; (6) additional new testing capabilities are 
being added to the JPL site, which will elevate its opera 
tions to those of a field test laboratory for the Simula 
tlon and investigation of real-u 9 e problems and the devel 
opment of Improved testing techniques; (7) a new key 
instrument is being fabricated, a versatile battery powered 
array data logger, which will permit in-field diagnoses of 
arrays as large as 40 amperes and 400 V. Restructuring is 
progressing on schedule. A final set of failure and 
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degradation data was obtained from the modules at the 
Southern California sites before they were relocated at 
Golds tone . The mean composite failure rate for all the 
modules (Blocks I, II and III) over the past five years is 
2.0 %/yr. Considering the final two years only, the rate 
is 4.4 X, suggesting a significant upward trend with age. 


TITLE: Interconnect Fatigue Design for Terrestrial PV 

Modules 

AUTHOR: G.R. Mon, D.M. Moore, and R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 1, 1982 

REPORT NO: DOE-JPL 1012-61, and 5101 173 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACTS: Fatigue of solar cell electrical interconnects 

due to thermal cycling has historically been a major fail- 
ure mechanism in PV arrays; the results of a comprehensive 
investigation of interconnect fatigue that has led to the 
definition of useful reli abi 1 Ity- des i gn and life prediction 
algorithms are presented. Experimental data gathered in 
this study indicate that the classical strain cycle 
(fatigue) curve for the interconnect material Is a good 
model of mean interconnect fatigue performance, but it 
falls to account for the broad statistical scatter, which 
is critical to reliability prediction. To fill this 
shortcoming the classical fatigue curve is combined with 
experimental cumulative Interconnect failure rate data to 
yield statistical fatigue curves (having failure probabil 
Ity as a parameter) which enable (1) the prediction of 
cumulative Interconnect failures during the design life of 
an array field, and (2) the unambiguous, i.e., quantlta 
tive, interpretation of data from field service qualifies 
tlon (accelerated thermal cycling) teats Optimal inter 
connect cost reliability design algorithms are derived 
based on minimizing the cost of energy over the design 
life of the array field. This procedure yields not only 
the minimum break-even cost of delivered energy, but also 
the required degree of interconnect redundancy and an esti- 
mate of array power degradation during the design life of 
the erray field. The usefulness of the design algorithms 
is demonstrated with realistic examples of design optimize 
tlon, prediction, and service qualification testing. 


TITLE: An Investigation of the Effect of Wind Cooling on 

PV Arrays 
AUTHOR : L . Wen 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 1982 

REPORT NO: DOE-JPL 1012-69, JPL Pub. 82-28, 5101-201 

AVAILABILITY: NTIS, PC A03/HF A01 

ABSTRACT: Convective cooling of PV modules Is investi- 

gated for different wind conditions, including steady-state 
controlled testing In a solar simulator and natural test 
environments in a field. Analytical thermal models of 
different module designs were used to correlate experl 
mental data. The results obtained in the controlled envir- 
onment confirm the applicability of existing heat-transfer 
correlations. The result of long-term field testing at 
the JPL test site is not conclusive because wind condi 
tions were measured at different heights than of the 
modules. Nevertheless, reasonable agreement can be 
obtained by applying a power law wind profile. 


TITLE: Experimental Evaluation of the Battelle 

Accelerated Test Design for the Solar Array at 
Mead, Nebraska 

AUTHOR: P.O. Frlckland, and J. Repar 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 6, 1982 

REPORT NO: DOE-JPL 1012-73, JPL Pub. 82-52, 5101 211 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: A previously developed test design for accel- 

erated aging of PV modules was experimentally evaluated. 
The studies included a review of relevant field exper 


lence, environmental chamber cycling of full size modules, 
and electrical and physical evaluation of the effects of 
accelerated aging during and after the test The test 
results indicated that thermally induced fatigue of the 
interconnects was the primary mode of module failure as 
measured by normalized power output. No chemical change 
in the silicone encapsulant was detectable after 360 lest 
cycles . 


TITLE: User Handbook for Block IV Si Solar Cell Modules 

AUTHOR: K.l. Smokier 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September l, 1982 

REPORT NO: DOE JPL 1012-75, JPL Pub. 82-73, 5101-214 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: The essential electrical and mechanical charac- 

teristics of Block IV PV solar-cell modules that have been 
tested by JPL are described. Such module characteristics 
as power output, nominal operating voltage, current voltage 
characteristics, nominal operating cell temperature, and 
dimensions are tabulated. The limits of the environmental 
and other stress tests to which the modules are subjected 
are briefly described. Potential users of modules will 
find this listing helpful in selecting modules for use 
either by themselves or in arrays. 


TITLE: PV Array Power Conditioner Interface 

Characteri Btics 
AUTHOR: C.C. Gonzalez, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 15, 1982 

REPORT NO: DOE JPL 1012 79, JPL Pub. 82-109, 5101-202 

AVAILABILITY: NTIS, PC A04/HF A01 

ABSTRACT: The electrical output (power, current, and 

voltage) of flat-plate solar arrays changes constantly, 
due primarily to changes in cell temperature and irrad- 
iance level. As a result, array loads such as dc-to-ac 
power conditioners must be capable of accommodating widely 
varying input levels while maintaining operation at or 
near the maximum power point of the array. This report 
presents the results of an extensive computer simulation 
study used to define array operating characteristics and 
extreme output limits necessary for the systematic design 
of array-load interfaces under a wide variety of climatic 
conditions in the United States. A number of interface 
parameters are examined, including optimum operating volt- 
age, voltage tracking width necessary to capture various 
fractions of the available energy, maximum power and cur 
rent limits, and maximum open-circuit voltage. The effect 
of array degradation and IV curve fill factor on the 
array-power conditioner Interface also is discussed. 
Results are presented as normalized ratios of power 
conditioner parameters to array parameters, making the 
results universally applicable to a wide variety of system 
sizes, sites, and operating modes. 


TITLE: FSA Field Test Report 1980 1982 

AUTHOR: HG. Maxwell, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 15, 1983 

REPORT NO: DOE JPL 1012 85 , JPL Pub. 83-29, 5101-215 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: PV modules made of new and developing materials 

were tested in a continuing study of weatherabillty , com- 
patibility, and corrosion protection. Over a 2-yr period, 
365 two-cell submodules have been exposed for various 
intervals at three outdoor sites in Southern California or 
subjected to laboratory acceptance tests. Results to date 
show little loss of maximum power output, except in two 
types of modules. In the first of these, failure is due 
to cell fracture from stresses that arise as water is 
regained from the surrounding air by a hardboard sub 
strate. The latter had shrunk as it dried during Its en 
capsulation in plastic film at 150°C In vacuo . In the 
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second type of module, the glass superstate is sensitive 
to cracking, which also damages the cells electrostati- 
cally bonded to it. Inadequate bonding of interconnects 
to the cells is also a problem in these modules. In a 
third type of module, a polyurethane pottant has begun to 
yellow, although this discoloration Is without significant 
effect, as yet, on maximum power output. 


TITLE: Proceedings of the FSA Research Forum on The Design 

of Flat-Plate PV Arrays for Central Stations 
(December 5-6, 1983, at Sacramento, California) 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 15, 1983 

REPORT NO: DOE-JPL 1012-98, JPL Pub. 89-44, 5101-247 

AVAILABILITY: NTIS, PC A14/MF, A01 

ABSTRACT: The FSA, managed by JPL for the DOE, has foc- 

used on advancing technologies relevant to the design and 
construction of megawatt- level central station systems. 

PV modules and arrays for flat plate central-station or 
other large-scale electric power production facilities re 
quire the establishment of a technical base that resolves 
design issues and results in practical and cost effective 
configurations. The Central Station Research Forum 
addressed design, qualification and maintenance issues 
related to central- stat i on arrays derived from the engine 
ering and operating experiences of early applications and 
parallel laboratory research activities. Technical Issues 
were examined from the viewpoint of the utility engineer, 
architect-engineer, and laboratory researcher. The forum 
Included presentations on optimum source circuit designs, 
module Insulation design for high system voltages, array 
safety, structural interface design, measurements and array 
operation and maintenance. The Research Forum focused on 
current capabilities as well as design difficulties requlr 
ing additional technological thrusts and/or continued 
research emphasis. Session topic summaries highlighting 
major points during group discussions, identifying promis 
ing technical approaches or areas of future research, are 
presented . 


TITLE: FSA Field Test Annual Report August 1981 to 

January 1984 

AUTHOR: R.w. Weaver, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 15, 1984 

REPORT NO: DOB JPL 1012-100, JPL Pub. 84-52, 5101 254 

AVAILABILITY: NTIS, PC A03/MF A01; 1 

ABSTRACT: During this reporting period the restructuring 

plan presented in the previous annual report was modified 
in response to budgetary pressures. The latter part of 
the period was marked by further budget reductions, which 
required a further curtailment of the FSA’s field testing 
activities. The modified plan was implemented with the 
following accomplishments: (1) six arrays containing Block 
IV modules were completed at the JPL site, <2) the portable 
array data logger was completed and used at both the JPL 
site and at several non-JPL installations, and (3) repre 
sentatlve samples of Block I, II, and III modules were 
redeployed to the Goldstone site for continued endurance 
testing. Those portions of the plan that were modified 
were: (1) a reduction in the number of Block IV modules 
deployed, (2) a reduced data acquisition schedule, (3) 
abandonment of the Table Mountain and Point Vincente 
■ites, and (4) the carrying out of the final test pro 
cedures for only a sample of the modules from the 12 con- 
tinental remote sites. The most recent endurance data are 
presented for the remaining Block I, II and III modules. 
These data Indicate that more of these modules have failed 
or decreased in power output during this period. None of 
the Block IV modules under test during this period have 
failed, but 11 of the 155 deployed modules show reduced 
power output. 


TITLE: User Handbook for Block V Si Solar Cell Modules 

AUTHOR: M.I. Smokier 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: May 15, 1985 

REPORT NO: DOE-JPL 1012-106, JPL Pub. 85-34, 5101 262 

AVAILABILITY: NTIS, PC A03/MF A01; 1 

ABSTRACT: The program of the JPL FSA has included a series 

of competitive procurements, designated Block I through 
Block V, of various quantities of solar modules. The ob 
jectlves of these procurement efforts were to stimulate 
reduction In the cost of PV energy by encouraging technol 
ogy advances and to make modules of advanced design avail- 
able for field testing and for commercial applications. 

The essential electrical and mechanical characteristics of 
Block V PV solar-cell modules are described. Such module 
characteristics as power output, current-voltage character- 
istics, nominal operating cell temperature, and dimensions 
are tabulated. The limits of the environmental and other 
stress tests to which the modules are subjected are briefly 
described. Potential users of modules will find this list 
ing helpful in selecting modules and In planning module 
array systems. 


TITLE: Reliability and Engineering of Thin Film PV 

Modules: Research Forum Proceedings 

AUTHOR: R.G. Ross and E.L. Royal 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1, 1985 

REPORT NO: DOE-JPL 1012-111, JPL Pub. 85-73, 5101-264 

ABSTRACT: A Research Forum on Reliability and Engineering 

of Thin-Fllm PV Modules, under sponsorship of JPL FSA and 
DOE, was held In Washington, D.C., on March 20, 1985. 
Reliability attribute investigations of a-Si cells, sub 
modules, and modules were the subjects addressed by most 
of the Forum presentations. Included among the reliability 
research investigations reported were: Arrhenius modeled 

accelerated stress tests on Si-cells, electrochemical cor- 
rosion, light induced effects and their potential effects 
on stability and reliability measurement methods, laser 
scribing considerations, and determination of degradation 
rates and mechanisms from both laboratory and outdoor 
exposure tests. 
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RELIABILITY AND ENGINEERING SCIENCES CONTRACTOR ABSTRACTS 


TITLE: Final Report. Fabrication, Teat, and Delivery of 

8 kW of Solar Power Nodule* 

AUTHOR: P.A. Dennis 

CORPORATE AUTH: Photowatt International, Inc. 

(Sensor Technology, Inc.) 

DATE: October 15, 1976 

REPORT NO: ERDA-JPL 954387-76/1 

ABSTRACT: Through this contract, and the cooperative pro- 

gram resulting from the JPL- ERDA-NASA LSSA Project, Sensor 
Technology has produced modules at the rate of 3.5 kW/month 
with a power output of 83.2 W per 4* x 4’ array. These 
modules were produced at a cost of $19.07/W. The produc- 
tion techniques of this program make it easily possible to 
expand this to the 10 to 15 kV per month range and methods 
were developed by which future costs may be reduced by 15 
to 30%. Two inch diameter cells were used on this project, 
however, facilities now exist to process 3 in., 3.56 in. 
and 4 in. die wafers. The module design, performance, 
cost factors, problem areas, efficiency, encapsulation, 
and humidity and temperature test results are reported. 


TITLE: Final Report. Large Scale Production Task 

CORPORATE AUTH: Spectrolab, Inc. 

DATE: December 1976 

REPORT NO: ERDA-JPL BQ649005 - 76/1 

AVAILABILITY: NTIS, PC A02/NF A01 

ABSTRACT: Two thousand solar power modules capable of 

producing over 10 kW of peak power were delivered. These 
modules have good structural and thermal dissipation 
characteristics, but difficulties were encountered with 
respect to delamination of the encapsulant material, low 
electrical breakdown resistance and humidity sensitivity. 
Design modifications that have been recommended to improve 
reliability and reduce cost, include the elimination of 
metal substrate, replacement of silicone with a more 
suitable encapsulant, larger module size and use of 
series parallel circuit configurations. 


TITLE: Final Technical Report. Large Scale Production 

Task 

CORPORATE AUTH: Sola rex Corp. 

DATE: December 1976 

REPORT NO: DOE/JPL BQ649006 76/1 

ABSTRACT: Twenty production modules, representing the 

state of the-art, were produced for qualification testing 
and for Installation of the thermal cycling and tempera 
ture humidity chambers. The first 10 modules completed 
the required thermal cycling and program without electri- 
cal, mechanical, structural or optical degradation. After 
temperature humidity testing significant electrical degra 
datlon was observed. Early indications were that produc 
tlon error was the cause in that the silicone rubber used 
in those panels was not properly dehydrated. It was also 
learned that the freshly cured silicone rubber is quite 
permeable to water. To correct the problem palladium was 
added to the contact metallization. This completely 
eliminated any electrical degradation problems for the 
remainder of the delivery. 


TITLE: Final Report. Si Solar Cells With Total Power 

Capacity of 30 kW 
CORPORATE AUTH: Solarex Corp. 

DATE: October 1977 

REPORT NO: DOE-JPL 954577 77/1 

ABSTRACT: There are two phases of the contract effort to 

design, develop, manufacture, test and deliver a quantity 
of solar cell modules capable of providing 30 lcW of power. 
The first phase consists of module design, preproduction 
module fabrication, inspection and test. Phase two con 
sists of production, test and delivery. 


TITLE: Final Technical Report. 40 kW of Solar Cell 

Nodules for the Large Scale Production Task 
AUTHOR: G.T. Jones 

CORPORATE AUTH: Photowatt International, Inc. 

(Sensor Technology, Inc.) 

DATE: December 1977 

REPORT NO: DOE-JPL 954565-77/1 

AVAILABILITY: NTIS, PC A03/HF A01 

ABSTRACT: Forty kW of solar cell modules was produced In 

this program. This la equivalent to 4123 modules. The 
average power output per module was 9.7 W at 16.5 V, 60°C 
and 100 NW/CN^. The peak production rate was 200 modules/wk 
which is equal to 1.9 kW/wk. This rate was sustained for 
over four and one-half months and Is equivalent to 100 kW/yr. 
The solar cell module design, electrical and power perfor- 
mance, module preproduction environmental test results, 
production and shipping schedule, program summary, are 
dpresemted, A cost analysis section is written. Particu- 
lar emphasis on the percentage of labor and material 
utilized in constructing a solar cell module is presented. 
Also included are cost reduction recommendations. It was 
concluded from this program that volume production on the 
order of hundreds of kW/yr /company as a minimum is required 
to significantly reduce the prlce/W for solar cell modules. 
Sensor Technology more than doubled its solar cell module 
manufacturing facilities since the completion of the JPL 
Block II procurement. Plans are being made for large scale 
expansion of our facilities to meet growing procurements. 


TITLE: Final Technical Report. Terrestrial Central 

Station Array Life Cycle Analysis Support Study 
CORPORATE AUTH: Bechtel National, Inc. 

DATE: August 1978 

REPORT NO: DOE-JPL 954848 78/1 

AVAILABILITY: NTIS, PC A09/NF A01 

ABSTRACT: The purpose of the study was to provide input 

cost data in support of array-life cycle cost analysis 
being conducted by JPL for utility central station PV 
power plant application. Primary emphasis was on the 
solar cell modules and arrays, with balance of plant 
concepts developed only as far as necessary to determine 
their impact on module and array design and vice versa. 
Assessments were made of five alternate array configura 
tions and the impact of parameters such as site weather, 
onslde energy storage, system voltage, energy losses with 
in the plant, maintenance requirements and module design. 
The plant design used as the baseline for this study is a 
200 HW (nominal) central station PV power plant using 8 by 
16 ft flat plate Si solar panels comprised of 4' by 8’ 
glass superstrate modules. The five alternate array design 
configurations evaluated were rack, tandem, horizontal, 
seasonally adjusted and tracki ng - tape arrays. 


TITLE: Final Report. Nodule/Array Interface Study 

CORPORATE AUTH: Bechtel National, Inc. 

DATE: August 1978 

REPORT NO: DOE-JPL 954698- 78/1 A 

AVAILABILITY: NTIS, PC All/NF A01 

ABSTRACT: A study of alternate module, panel, and array 

designs for use in large scale applications such as cen- 
tral station PV power plants has been conducted. The ob 
jectlve of the study is to identify design features that 
will lead to minimum plant costs. Several aspects of mod 
ule design are evaluated, Including glass superstrate and 
metal substrate module configurations, the potential for 
hsil damage, light absorption in glass superstates , the 
economics of glass selection, and electrical design. Three 
alternate glass superstrate module configurations are eval 
uated by means of finite element computer analyses. Two 
panel sizes, 1.2 x 2.4 m and 2.4 x 4.8 m, are used to 
support 3 module sizes, 0.6 x 1.2 m, 1.2 x 1.2 m, and 1.2 
x 2.4 m, for design loadings of about 1.7 kPa (35 psf), 

2.4 kPa (50 psf), and 3.6 kPa (75 psf). Designs and cost 
estimates are presented for 20 panel types and 9 array 
configurations at each of the 3 design loadings. Struct- 
ural cost sensitivities of combined array configurations 
and panel cases are presented. 
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TITLE: Final Technical Report. Large Scale Production 

Teak 

CORPORATE AUTHOR: Spectrolab, Inc. 

DATE: September 1978 

REPORT HO: DOE-JPL 954587-1 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: Several design concepts were evaluated and 

compared with respect to potential for low cost and 
automation, protection against weathering, potential for 
array efficiency as a function of weight and area, poten- 
tial for design flexibility and exposure to electrical 
breakdown or leakage to ground. This evaluation program 
narrowed attention to design concepts Involving glass as 
the primary structural and weather resistant component of 
the module. The leading specific design structure con 
aisted of the solar cell circuit embedded in polyvinyl 
butyrate by lamination between a glass front surface and a 
polyester film rear surface. Preliminary evaluation of 
this structure in high humidity snd thermal cycle was 
promising, and extensive field experience with similar 
structures in srch i tectural and automotive applications 
was favorable . The specific design proposed was comprised 
of 120 two- 1 n . d 1 a cells in a series parallel configure 
tlon. The laminate was mounted in an aluminum frame with 
a neoprene gasket providing the requisite mechanical 
strength with flexibility. The resulting module size of 
15 by 46 in. permits three modules to be neatly fitted 
into the 46 in. square subarray specified by JPL. The 
design as modified to accommodate subsequent experience is 
shown . Performance and environmental test results are 
presented and discussed. 


TITLE: Final Report. Phase I: Feasibility Study of 

Solar Dome Encapsulation of PV Arrays 
AUTHOR: D.K. Zimmerman 

CORPORATE AUTH: The Boeing Co. 

DATE: December 1978 

REPORT NO: DOE-JPL 954833 78/1 

ABSTRACT: This report describes a study which Investi- 

gated the potential technical and economic advantages of 
using air-supported plastic enclosures to protect flat 
plate PV arrays. Conceptual designs for a fixed, latitude 
tilt array and a fully tracking array were defined. 

Another program provided much of the design and supporting 
analyses for the tracking array. Detailed wind loads and 
strength analyses were performed for the fixed array. 
Detailed thermal and power output analyses provided array 
performance for typical seasonal and extreme temperature 
conditions. Costs of each design as used in n 700 MWE 
central power station were defined from manufacturing and 
material cost estimates. The capital cost and cost of 
energy for the enclosed fixed tilt array were lower than 
for the enclosed tracking array. The enclosed fixed tilt 
array capital investment was 38% less, and the levelized 
bus bar energy cost was 26% less than costs for a conven 
tlonal, glass encapsulated array design. The predicted 
energy cost for the enclosed fixed array was 79 mils/kW H 
for direct current delivered to the power conditioning 
units. 


TITLE: Final Report. Residential PV Module and Array 

Requirements Study 

CORPORATE AUTH: Burt Hill Kosar Rlttelmann Associates 

DATE: June 1979 

REPORT NO: DOE- JPL 955149 79/1 

AVAILABILITY: NTIS, PC A04 /MF A01 

955149-1 (Appendices) NTIS, PC 24/MF A01 

ABSTRACT: A study has been conducted to identify design 

requirements for PV modules and arrays used in residential 
applications. Building codes and referenced standards 
were reviewed for their applicability to residential PV 
array installations. Four installation types were 
identified: integral (replaces roofing), direct (mounted 
on top of roofing), stand off (mounted away from roofing), 
and rack (for flat or low slope roofs, or ground mounted). 


Installation costs were developed for these mounting types 
as a function of panel/module size. Cost drivers were 
Identified. Studies were performed to identify optimum 
module shapes and sizes and operating voltage cost drivers. 
The general conclusion if that there are no perceived 
major obstacles to the use of PV modules in residential 
arrays. However, there is no applicable building code 
category for residential PV modules and arrays and early 
additional work is needed with standards writing organize 
tlons to develop residential module and array requirements. 


TITLE: Final Report. Wind Loads on Flat Plate PV Array 

Fields 

AUTHOR: R. Miller 

CORPORATE AUTH: The Boeing Co. 

DATE: September 1979 

REPORT NO: DOE JPL 954833-79/2 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: This report describes a theoretical study of 

the aerodynamic forces resulting from winds acting on flat 
plate PV arrays. Local pressure distributions and total 
aerodynamic forces on the arrays are shown. Design loads 
are presented to cover the conditions of array angles 
relative to the ground from 20° to 60°, variable array 
spaclngs, a ground clearance gap up to 1.1 m (4 ft) and 
array slant heights of 2.4 m (8 ft) and 4.8 m (16 ft). 
Several means of alleviating the wind loads on the arrays 
are detailed. The expected reduction of the steady state 
wind velocity with the use of fences as a load alleviation 
device are indicated to be in excess of a factor of three 
for some conditions. This yields steady state wind load 
reductions as much as a factor of ten compared to the load 
incurred if no fence is used to protect (he arrays. This 
steady state wind load reduction Is offset by the increase 
in turbulence due (o the fence but still an overall load 
reduction of 2.5 can be realized. Other load alleviation 
devices suggested are the Installation of air gaps in the 
arrays, blocking the flow under the arrays and rounding 
the edges of the array. Included is an outline of a wind 
tunnel test plan to supplement the theoretical study and 
to evaluate the load alleviation devices. 


TITLE: Final Report. Design, Fabrication, Test, 

Qualification and Price Analysis of 
"Third Generation” Design Solar Cell Modules 
AUTHOR: N F. Shepard 

CORPORATE AUTH: General Electric Co. 

DATE: March 1980 

REPORT NO: DOE JPL 955401 80/1 

ABSTRACT: This design, development, fabrication and 

qualification testing of a "third generation” solar cell 
module for residential applications is reported. This 
Block IV shingle type module makes it possible to apply a 
PV array to the sloping roof of a residential building by 
simply nailing the overlapping hexagon shaped shingles to 
the plywood roof sheathing. This "third generation" 
shingle module design consists of nineteen series connected 
100 mm dia solar cells which are arranged in a closely 
packed hexagon configuration. The solar cells are indi 
vlduelly bonded to the embossed underside of a 4.4 mm 
thick thermally tempered piece of ASG Sunadex glass. An 
experimental GE silicone pottant, which is Identified by 
the number 534 044, was used as the transparent bonding 
adhesive between the cells and glass. The encapsulant 
between the underside of the glass superstrate and a rear 
protective sheet of Mead Pan L board Is GE Silglaze SCS 
2402. The semi flexible portion of each shingle module is 
a composite Isminate construction consisting of an outer 
layer of B.F. Goodrich FI. EXSEAL bonded to an inner core of 
closed cell pnlyMhylene foam. Uniroyal Sllaprene M6338 
is used as the substrate lamination adhesive. The module 
design has satisfactorily survived the JPL-defined qualifi 
cation testing program which includes 50 thermal cycles 
between 40 and 490°C, a seven day temperature humidity 
exposure test and a wind resistance test per UL997. 
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TITLE: Final Report. Study of Curved Class PV Module and 

Module Electrical Isolation Design Requirements 
CORPORATE AUTH: Bechtel National, Inc. 

DATE: June 1980 

REPORT NO: DOE-JPL 954698 80/2 

ABSTRACT: A study was conducted to evaluate the technical 

feasibility and cost effectiveness of curved glass super 
strate PV modules for use In large scale applications such 
as central station power plants. The study also evaluated 
electrical insulation and isolation design considerations 
with regard to module encapsulation systems. The design 
of a 1.2 by 2.4 m (4 by 8 ft) curved glass superstrate and 
support clip assembly Is presented, along with the results 
of finite element computer analyses and a glass Industry 
survey conducted to assess the technical and economic 
feasibility of the concept. Installed costs for four 
curved glass module array configurations are estimated and 
compared with costs previously reported for comparable 
flat glass module configurations. Electrical properties 
of candidate module encapsulation systems are evaluated 
along with present industry practice for the design and 
testing of electrical Insulation systems. Electrical 
design requirements for module encapsulat Ion systems are 
also discussed . 


TITLE: Final Report. PV Module Electrical Termination 

Design Requirement Study 
AUTHOR: F.J. Moans, Jr. and J. Donlinger 

CORPORATE AUTH: Motorola, Inc. 

DATE: July 1980 

REPORT NO: DOE -JPL 955367-80/1 

AVAILABILITY: NTIS, PC 07/MF A01 

ABSTRACT: The purpose of this document is to provide addi 

tlonal details and information to supplement the data pro- 
vided In the Executive Summary. The document consists of 
Appendices 2.0, 3.0, and 4.0 which address the major tasks 
of the project (criteria development; ranking; and results/ 
conclusions, respectively) and Appendix 5.0, a series of 
mini- appendices addressing specific topics complementing 
the major task areas. 


TITLE: Final Report. Operation and Maintenance Cost Data 

for Residential PV Hodules/Panels 
CORPORATE AUTH: Burt Hill Kosar Rittelmann Associates 

DATE: July 1980 

REPORT NO: DOE JPL 955614 80/1 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: A study has been conducted to identify and esti- 

mate costs associated with the operation and maintenance of 
residential PV modules and arrays. Six basic topics relat- 
ed to operation and maintenance to PV arrays were investi- 
gated - General (Normal) Maintenance, Cleaning, Panel Re- 
placement, Gasket Repair/Replacement, Wiring Repair/ 
Replacement, and Termination Repair/Replacement. The ef- 
fects of the mounting types Rack Mount, Stand-Off Mount, 
Direct Mount, and Integral Mount - and the installation/ 
replacement type - Sequential, Partial Interruption, and 
Independent - have been identified and described Recom- 
mendation on methods of reducing maintenance costs have 
been made. 


TITLE: Final Report. Third Generation Design Solar Cell 

Module LSA Task V, Large Scale Production 
AUTHOR: K.S. Ling 

CORPORATE AUTH: Applied Solar Energy Corp. 

DATE: August 1980 

REPORT NO: DOE-JPL 955409 80/1 

ABSTRACT: During this contract solar cell modules were 

designed and built in accordance with the JPL Document No. 
5101-16 Revision A, entitled "Block IV Solar Cell Module 
Design and Test Specification for Intermediate Load Center 
Applications.** A total of twelve (12) preproduction 
modules were constructed, tested and delivered. A new 


concept to the frame assembly was designed and proven to 
be quite reliable. This frame design, as well as the rest 
of the assembly, was designed with future high volume 
production and the use of automated equipment In mind. 


TITLE: Final Report. Analysis of the Effects of 

Impurities in Si 

CORPORATE AUTH: Solar Power Corp. 

DATE: September 1980 

REPORT NO: DOE-JPL 955403-80/1 

ABSTRACT: This final design report for the Low Cost Solar 

Array Block IV Program has been prepared in response to 
the CDRL Item #6 DRD No. SE-2. The report includes an 
updated program plan showing the task descriptions depict- 
ing the work, progress, achievements and the cause of any 
deviations from the original plan (SC-1), and how this 
impacted on the original schedule of the program. In 
addition there is an update documenting all design altera 
tlons made during the preproduction phase and a complete 
up to date set of Engineering and Manufacturing Documen 
tation ( CM- 1 ) . The purpose of this report is to document 
the work performed through the final design and the test 
results of the modules developed under this contract, and 
to use this documentation to further the understanding and 
evolution of aolar cell module design. 


TITLE: Final Report. Design, Fabrication, Test, 

Qualification and Price Analysis of Third 
Generation Design Solar Cell Modules 
CORPORATE AUTH: Spire Corp. 

DATE: October 1980 

REPORT NO: DOB JPL 955405-80/1 

ABSTRACT: This report describes a one year program to de 

sign, develop and produce a hlgh-efflciency Block IV Solar 
Module according to JPL requirements defined in document 
5101-16 Revision A, "Block IV Solar Cell Module Design and 
Test Specifications for Intermediate Load Center Applies 
tlons.** The module design is described along with the ra 
tionale for each major component choice. Experiments per 
formed during the development phase of the program are de 
scribed. The Quality Assurance Plan is outlined. Both 
cell and module fabrication are described. Performance 
and yield data on modules are given. Testing, both to 
determine module characteristics and to establish qualifi- 
cations are discussed. Finally, the results of the SAMIS 
cost analysis are presented. The results of this program 
are that a JPL qualified module with a power density of 
125 W/m^ at 28°C has been developed and manufactured. 


TITLE: Quarterly Report. A Program to Develop Elements 

of a Reliability Design Guidebook for Flat Plate 
PV Modules/Arrays 

CORPORATE AUTH: 1IT Research Institute 

DATE: October 1980 

REPORT NO: DOE-JPL 955720 80/1 

ABSTRACT: The objective of this support study Is to pro- 

vide and/or develop engineering-oriented reliability data, 
guidelines, procedures and techniques to serve as elements 
of a reliability design guidebook on terrestrial, low-cost, 
PV modules/arrays. The approach being used in this support 
study is to first initiate an on-going reliability engine 
erlng data base and then develop and validate design guide 
lines that can be used by the PV industry to build relia- 
bility into their products most cost effectively. 


TITLE: Final Report. Design, Fabrication, Test, 

Qualification And Price Analysis of "Third 
Generation** Design Solar Cell Modules 
AUTHOR: E. Pastlrlk 

CORPORATE AUTH: Motorola, Inc. 

DATE: January 1981 

REPORT NO: DOE-JPL 955406 81/1 
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ABSTRACT: Motorola entered Into a contract with JPL on 

May 16, 1979, to design, fabricate, test, qualify, and 
deliver preproduct ion Block IV modules satisfying the 
requirements of JPL Document 5101-16, Revision A. The 
following report reviews the schedule of this effort as 
well as the basic module design and test results. Modifi- 
cations to the design which occurred as a result of pro- 
blems are also considered. Module qualification was 
achieved in December, 1980, and all documentation sub- 
missions were completed In January, 1981 

TITLE: Final Report. Safety and Liability Considerations 

for PV Modules/Panels 
AUTHOR: D.G. Meeker and AS. Weinstein 

CORPORATE AUTH: Carnegie Mellon University 

DATE: January 1981 

REPORT NO: DOE JPL 955846 81/1 

AVAILABILITY: NTIS, PC A04/HF A01 

ABSTRACT: The concept of product liability Implies that a 

manufacturer Is responsible to the consumer for products 
that are not reasonably safe. Recently, consumers have 
become more aware that manufacturers could be liable for 
harm Incurred by a consumer while using their products. 
Evidence of this awareness can be seen by the increase In 
product liability suits and sizes of awards in recent 
years. Clearly this presents a problem for the manufact- 
urer. Not only must the product be reliable and safe for 
its intended purpose, but it must also be safe for fore 
seeable misuse. This preliminsry report explores product 
safety and product liability considerations for PV module/ 
array devices. The purpose of this study is twofold- - 
first to give an overview of legal Issues as they apply to 
design, manufacture and use; second, to suggest a methodol 
ogy to be used during design of a PV module/array to mini 
mire or eliminate perceived hazards. This study does not 
attempt to answer any of these questions in detail, but 
only to pose them so as to stimulate consideration of this 
area. The questions raised in this study can only be 
answered through future efforts in concert with the 
manufacturers . 


TITLE: Final Report. Wind Loads on Flat Plate PV Array 

Fields 

AUTHOR: R. Miller 

CORPORATE AUTH: The Boeing Co. 

DATE: April 1981 

REPORT NO: DOB-JPL 954833 81/3 

AVAILABILITY: NTIS, PC A17/MF A01 

ABSTRACT: This report presents the results of an experi- 

mental analysis (boundary layer wind tunnel test) of the 
aerodynamic forces resulting from winds acting on flat 
plate PV arrays. Local pressure coefficient distributions 
and normal force coefficients on the arrays are shown and 
compared to theoretical results. Parameters that were 
varied when determining the aerodynamic forces included 
tilt angle, array separation, ground clearance, protective 
wind barriers, and the effect of the wind velocity profile. 
Recommended design wind forces and pressures are presented, 
which envelop the test results for winds perpendicular to 
the array’s longitudinal axis. 

TITLE: Quarterly Report No. 1. Integrated Residential PV 

Array Development 

CORPORATE AUTH: AIA Research Corp. 

DATE: April 1981 

REPORT NO: DOE JPL 955893 81/1 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: This first quarterly report on a contract to 

develop an optimal integrated residential PV array 
describes sixteen conceptual designs produced by eight 
teams. Each design concept was evaluated by an industry 
advisory panel using a comprehensive set of technical, 
economic and institutional criteria Key electrical and 
mechanical concerns that affect further array subsystem 
development are also discussed. 


TITLE: Final Report. Phase IV. Wind Loads on Flat Plate 

PV Array Fields (Nonsteady Winds) 

AUTHOR: R.D. Hiller and D.K. Zimmerman 

CORPORATE AUTH: The Boeing Co. 

DATE: August 1981 

REPORT NO: DOE JPL 954833 81/4 

AVAILABILITY: NTIS, PC A06/MF A01 

ABSTRACT: This report presents the results of a combined 

experimental (wind tunnel test results) and theoretical 
analysis utilizing random harmonic analysis techniques to 
predict the dynamic response and the structural dynamic 
loads of flat plate PV arrays due to wind turbulence. 
Guidelines for u 9 e In predicting the turbulent portion of 
the wind loading on future similar arrays using the 
results of this study are presented. 


TITLE: Final Report. Design, Fabrication, Test, 

Qualification and Price Analysis of "Third 
Generation" Design Solar Cell Modules. Part 1: 
Intermediate Load Module 
CORPORATE AUTH: ARCO Solar, Inc. 

DATE: September 1981 

REPORT NO: DOE JPL 955402-81/1 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: This final design report presents an updated 

program plan for the design, fabrication, test and quali- 
fication of the "third generation" design intermediate 
load solar cell module. This updated program plan and 
narrative reflects the design and development work done 
and progress made in establishing a viable design for 
these modules. Design alterations from the preproduction 
plan are discussed on experience gained during the 
preproduction phase of the program. 


TITLE: Final Report. Design, Fabrication, Test, 

Qualification, and Price Analysis of "Third 
Generation" Design Solar Cell Modules 
CORPORATE AUTH: Solarex Corp. 

DATE: October 1981 

REPORT NO: DOE JPL 955404-81/1 

ABSTRACT: Description of Program: The Solarex Block IV 

contract calls for the design, manufacture, and delivery 
of eighteen residential load modules and eighteen inter 
mediate load modules. Common features of both modules 
inc lude : 

- 72 9.5 cm X 9.5 cm Semicrystalline Cells 

- Cells - Tl -Pd- Ag front Metallization with n/p p4 junction 

- Geometrically arranged in 6 X 12 matrix 

- 3/16" Sunadex tempered glaas superstrate 

- Ethylene vinyl acetate as encapsulant with Craneglas 
spacer 

- White Tedlar moisture barrier 

- Redundant Cell- 1 nterconnect Design which has six pads per 
cell 

- Wraparound Interconnect 

- Circuit board style interconnect with in-plane stress 
relief feature. 

- Two pigtail connections per positive or negative outlet. 
Features which are different are shown in Table I. 


TITLE: Final Report. Commerc 1 al / Indu s t r i al PV Module and 

Array Requirement Study 

CORPORATE AUTH* Burt Hill Kosar Rlttelmann Associates 

DATE: December 1981 

REPORT NO: DOE JPL 955698 81/1 

AVAILABILITY: NTIS. PC A15/MF A01 

ABSTRACT: A study has been conducted to identify design 

requirements for PV modules and arrays used in commercial 
and industrial applications. Building codes and referenced 
standards were reviewed for their applicability to cormer 
clal and industrial PV array installation. Four general 
installation types were Identified - integral (replaces 
roofing), direct (mounted on top of roofing), stand off 


94 



(mounted away from roofing), and rack (for flat or low 
alope roofa, or ground mounted). Each of the generic 
mounting typea can be uaed In vertical wall mounting 
ayatema. Installation costs were developed for these 
mounting typea as a function of panel/module size. Cost 
drivers were Identified. Studies were performed to Iden- 
tify optimum module shapes and sizes and operating voltage 
cost drivers. As some obstacles could make PV extremely 
costly, this report makes recommendations to the PV 
industry which will facilitate a more successful product 
entrance into the building Industry. 


TITLE: Final Report. Integrated Residential PV Array 

Development 

CORPORATE AUTH: General Electric Co. 

DATE: December 1981 

REPORT HO: DOE- J PL 955894-4 

AVAILABILITY: NTIS, PC A08/MF A01 

ABSTRACT: An advanced, un l versally-mountable , Integrated 

residential PV array concept has been defined based upon 
an in-depth formulation and evaluation of three candidate 
approaches which were synthesized from existing or pro- 
posed residential array concepts. Past residential PV 
array concepts emphasized the module as given. This study 
addresses the next level of detail by considering the 
impact of module circuitry and process sequence, and by 
identifying technology gaps and performance drivers 
associated with residential PV array concepts. The actual 
learning experience gained from the comparison of the pro- 
blem areas of the hexagonal shingle design with the 
rectangular module design has led to what is considered an 
advanced array concept. Building the laboratory mockup 
provided actual experience and the opportunity to uncover 
additional technology gaps. 


TITLE: Final Report. Bypass Diode Integration 

CORPORATE AUTH: General Electric Co. 

DATE: December 1981 

REPORT HO: DOE JPL 955894 5 

ABSTRACT: This report summarizes the results of a bypass 

diode integration study which was conducted as part of the 
"Integrated Residential PV Array Development" effort. The 
study involved research into protective bypass diodes and 
mounting configurations which are applicable for use with 
PV modules having power dissipation requirements in the 5 
to 50 watt range. Using PN Si and Schottky diode char- 
acterization data on packaged diodes and diode chips, 
typical diodes were selected as representative for each 
range of current carrying capacity, an appropriate heat 
dissipating mounting concept along with its environmental 
enclosure was defined, and a thermal analysis relating 
Junction temperature as a function of power dissipation 
was performed. In addition the heat dissipating mounting 
device dimensions were varied to determine the effect on 
junction temperature. The results of the analysis are 
presented as a set of curves indicating junction tempera 
ture as a function of power dissipation for each diode 
package . 


TITLE: Final Report. Design, Fabrication and Testing of 

Block IV Design Solar Cell Modules, Part II: 
Residential Module 
CORPORATE AUTH: ARCO Solar, Inc. 

DATE: April 1982 

REPORT HO: DOE JPL 955402 82/2 

ABSTRACT: This final design report concludes work 

performed on the design, fabrication and test of the Block 
IV Residential Load Module by ARCO Solar, Inc. This 
report outlines design changes from the proposed module 
design through three iterations to the discontinuance of 
testing agreed upon by both JPL and ARCO Solar, Inc. 


TITLE: Final Report. Diodes in PV Modules and Arrays 

CORPORATE AUTH: General Electric Co. 

DATE: March 15, 1984 

REPORT NO: DOE-JPL 956254-84/2 

AVAILABILITY: HTIS, PC A02/MF A01 ; 1 

ABSTRACT: The use of diodes to enhance the energy genera- 

tion capability and Improve the reliability of PV modules 
and arrays is the subject of this final report. Beginning 
with a discussion of the array level considerations In- 
fluencing the application of such diodes in a bypass mode, 
the report continues further to describe several methods 
for the mechanical and electrical integration of these de 
vices as an integral part of the module electrical termina 
tlon means. Particular emphasis is placed on the descrip 
tion of Innovative approaches for the external mounting of 
bypass diodes. These descriptions were used as the basis 
for • detailed cost analysis and comparison among the 
candidate concepts. The PV source circuit blocking or 
isolation function can be implemented using the same basic 
diode enclosure designs with provisions for the inclusion 
of a fuse for overcurrent protection. 


TITLE: Final Design Report. Intermediate Load Modules 

for Test and Evaluation 
AUTHOR: M.J. Bower 

CORPORATE AUTH: Applied Solar Energy Corp. 

DATE: March 30, 1984 

REPORT NO: DOE-JPL 956350-84/1 

ABSTRACT: Two versions of a 36-cell sta i nless- steel solar 

module was built. The first version was built as a com- 
mercial module for marine applications and was purchased 
for evaluation by JPL. Design deficiencies were identified 
as a result of the evaluation. This report describes the 
second version that was built and the improvements that re- 
sulted from design changes. Assembly problems, electrical 
performance, and qualification test results are provided. 


TITLE: Final Report. Block V Documentation and Solar 

Modules 

CORPORATE AUTH: Spire Corp. 

DATE: May 1984 

REPORT NO: DOE JPL 956334 85/1 

AVAILABILITY: NTIS, PC A03/MF A01; 1 

ABSTRACT: Deaign and fabrication of Spire Corp.'s Block V 

PV flat plate module Is reviewed. These modules exhibited 
power of about 70 watts under standard test conditions. 
Results of performance and environmental testing are 
provided . 


TITLE: Final Report. Saf ety- Related Requirements for PV 

Modules and Arrays 

CORPORATE AUTH: Underwriters Laboratories, Inc. 

DATE: September 1984 

REPORT NO: DOE-JPL 955392-84/3 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: Safety requirements for wiring systems and con- 

nections, and for separable connectors for use in roof- 
mounted PV arrays, are identified. These requirements 
were established by considering the environmental use- 
conditions applicable to PV arrays and the differences 
between integral-, direct-, standoff and rack mounted 
modules. The articles in the NEC covering wiring systems 
are discussed: (1) to define the wiring systems, (2) to 

identify the permitted uses and use restrictions, (3) to 
outline the advantages and di sadvantsges and (4) to address 
the concerns regarding support, protection against meehani 
cal damage, and wet versus dry locations. An overall 
assessment is made of the advantages and disadvantages of 
each wiring system to arrive at candidate wiring systems 
that are best suited for use in PV arraya. For candidate 
wiring systems having use restrictions that may prohibit 
their use, considerations are given that need to be addres 
sed by any proposed revision to the NEC to permit accept 
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•nee by the inspection authorities. The various wiring 
termination methods that are permitted by the NEC are 
discussed and those that have features desirable for PV 
applications are identified. Performance and construction 
requirements for PV cable and for PV connectors are pre 
sented In separate outlines of proposed Investigations of 
these products. 

TITLE: Final Design Report. Intermediate Load Modules 

for Test and Evaluation 
CORPORATE AUTH: Solavolt International 

DATE: September 7, 1984 

REPORT NO: DOE-JPL 956349 84/01 

ABSTRACT: The purpose of this contract was to provide PV 

modules for test and qualification against the JPL Block V 
qualification tests as outlined in JPL 5101-161, dated 
February 20, 1981. Tasks Involved the following activi- 
ties: (1) Delivery of 20 solar cells for use as reference 
cells; (2) Module documentation and inspection plans 
specifying the 10 Group I modules delivered to JPL prior 
to this contract; (3) A design review with JPL to review 
module documentation and test results from Group I modules; 
(4) Revise module documentation and inspection plana In 
corporatlng changes to overcome any problems or deflclen 
cles associated with the Group I modules; (5) Delivery of 
10 Group II modules built to revised specifications; and 
(6) Testing of Group II modules to the criteria as out- 
lined in JPL 5101 161 Block V qualification specification. 


TITLE: Final Report. Block V Documentation and Solar 

Cell Modules 
AUTHOR: E. Tornstrom 

CORPORATE AUTH: Mobil Solar Energy Corp. 

DATE: November 21, 1984 

REPORT NO: DOE-JPL 956335-84/1 

ABSTRACT: A redesign of the initial (Group I) Block V 

module was done and documented Manufacturing experience 
and accelerated test data from Group I formed the basis 
for the redesign. Ten Block V Group II modules were sub- 
mitted for evaluation and the results are presented 


TITLE: Final Report. Electrical Research on Solar Cells 

and PV Materials 
AUTHOR: J. Orehotsky 

CORPORATE AUTH: Wilkes College 

DATE: March 5, 1985 

REPORT NO: DOE-JPL 956766 85/1 

ABSTRACT: The objective of this contract is a systematic 

study of the properties of various polymer pottant mater- 
ials and of the electrochemical corrosion mechanisms in 
solar cell materials required for advancing the tech- 
nology of terrestrial PV modules The items of specific 
concern in the sponsored research activity at Wilkes 
College involve: (1) Kinetics of plasticizer loss in PVB, 

(2) Kinetics of water absorption and desorption in PVB, 

(3) Kinetics of water absorption and desorption in EVA, 

(4) The electrical properties of PVB as a function of 

temperature and humidity, (5) The electrical properties of 
EVA as a function of temperature and humidity, <6) Solar 
cell corrosion characteristics, (7) Water absorption 
effects in PVB and EVA, and (8) Ion implantation and 
radiation effects in PVB and EVA. 


TITLE: Final Report. Documentation and Solar Cell 

Modules: Block V 

CORPORATE AUTH: Solarex Corp. 

DATE: March 19, 1985 

REPORT NO: DOE-JPL 956333 85/1 

ABSTRACT: The Solarex Block V Group 11 module is a large 

frameless module intended for installation in a larger 
panel framework for use In intermediate to large size 
power system arrays. The module is a large one, based on 


• 0.125-in. thick tempered glass superstrate, containing 
117 sq. cells, each one 10 cm on a side, arranged In a 13 
series, 9-parallel matrix. The design peak power at 
25°C is in the 135-140 W range. The module has a novel 
back sheet comprising a laminate of Tedlar, Mylar and a 
modified polyethylene. The Solarex Block V Group II 
module, designated Model C-120-10A, passed the JPL Block V 
qualification tests. A number of cracks were observed in 
cells in the two modules which underwent 200 thermal 
cycles, but the peak power change was less than 7 % in each 
case. The frames supplied to simulate a proposed mounting 
support structure were not satisfactory. They damaged the 
edges of the module laminate during thermal cycling. The 
module design was adequate, however, to avoid any electri- 
cal problems from this edge damage. 

TITLE: Final Report. Intermediate Load Modules for Test 

and Evaluation 

CORPORATE AUTH: Solenergy Corp. 

DATE: March 72, 1985 

REPORT NO: DOE JPL 956347 85/1 

ABSTRACT: The objective of the contract was to furnish 

solar modules for evaporation per JPL Document 5101-161, 
Design and Test Specification for Intermediate Load Modules 
1981, dated February 20, 1981. JPL has performed qualifl 
cation tests In accordance with JPL Document 5101 161 on 
Group 1 and Group II modules and has reported the resulting 
data to the Contractor. The purpose of this contract Is 
to provide modules that are designed to be consistent with 
the Block V Electrical and Mechanical Design Requirements, 
Section 1 1 B and I1C of JPL Doc. 5101 161 or 5101 162. Also 
these modules must meet the design requirements of Block V 
Environmental Design Requirements, Section 1 1 D or JPL Doc. 
5101 161 or 5101 162. We generally feel the modules per 
formed satisfactorily although some workmanship problems 
were noted helping us correct our own production. It also 
appears that further work on EVA lamination by Interested 
parties is required to address some problems associated 
with this method of production. 


TITLE: Final Report. Fabrication, Documentation and 

Qualification Testing of Block V Intermediate I.oad 
PV Modules 

AUTHOR: J.C. Arnett and E.I. Prokopovych 

CORPORATE AUTH: ARCO Solar, Inc. 

DATE: November 25, 1985 

REPORT NO: DOE- JPL 956336 85/1 

ABSTRACT: ARCO Solar, Inc. has completed a contract to 

document, evaluate, and perform qualification testing of 
the design of a new series of PV modules, developed in 
response to the JPL Block V module specification, 5101 161 . 
The M56, an 84 watt, 5 V dc nominal output, 2 x 4** conflg 
uration power module, representative of the ARCO Solar 
M- Series module designs, was demonstrated to have success 
fully passed the qual i f i cat Ion requirements for Block V. 
This design produced the highest module efficiency (11.3%) 
evaluated by JPL during the Block V procurement program. 
This report documents the design features of the module 
and its encapsulation system, and describes the testing 
programs conducted at JPL and at ARCO. 


TITLE: High F.fficiency Flat-Plate Modules 

CORPORATE AUTH: Spire Corp. 

DATE: July 1986 

REPORT NO: DOE JPL 956641 86/1 

ABSTRACT: The objective of this work was the design and 

fabrication of improved highly efficient silicon flat-plate 
modules. The successful development of a module with an 
efficiency of 1 5 7% is reported. A photograph of the 
module is shown in Figure 1- l . At the outset of this 
work, the intention was to form solar cells with reduced 
solar absorptance, thereby reducing the NOCT. The reduc- 
tion of NOCT yields not only a grain In efficiency, but 
also an increase in module lifetime. The successful 
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development of a BSR solar cell that rejects approximately 
801 of the sub-bandgap radiation Is reported. An actual 
decrease in NOCT of 5°C in modules fabricated with such 
cells has been measured. In the course of this development 
program, other research on laboratory scale {4 cm 2 ) Si 
cells Indicated that very high efficiency { 18%) could be 
achieved with certain design enhancements. Investigation 
applying these design features to large area cells was 
done. This work was highly successful, and led to the 
fabrication of large area (53 cm 2 ) cells with AMI . 5 
efficiency of 181. This report will summarize all 
research and development in the contract. The work has 
included the entire range of technology that spans from 
cell design to module testing. 


TITLE: Final Report. Effect of Row to-Row Shading on the 

Output of Flat-Plate South Facing Solar Arrays 
AUTHOR: D.Y. Goswaml 

CORPORATE AUTH: North Carolina Agricultural & Technical 

State University 

DATE: July 1986 

REPORT NO: DOE-JPL 957021-86/1 

ABSTRACT: When solar arrays (PV, thermal, etc.) are 

arranged In multiple rows of modules, all but the first 
row suffer a reduction in (power) output, even when suffi- 
cient spacing between rows is provided. The reduction in 
output power occurs because the first row prevents some of 
the diffuse end reflected radiation from reaching the row 
directly behind it. This work presents the results of a 
study undertaken to estimate the effect of shading on the 
amounts of solar radiation received by consecutive rows of 
flat-plate arrays. By using a derived set of equations 
representing the beam, diffuse and reflected components of 
radiation received by two south facing rows placed one 
directly behind the other, a computer program has been 
developed in order to determine the effect of location 
(latitude), array-tilt, angle, spacing between rows, ground 
offset, ground reflectivity and weather conditions (percent 
sunshine, clearness number) on the amount of total radia 
tion received by each of the two rows. 


TITLE: Final Report. Amorphous Silicon Solar Cell 

Reliability Research 
AUTHOR: J.W. Lathrop 

CORPORATE AUTH: Clemson University 

DATE: September 1986 

REPORT NO: DOE-JPL 954929 86/13 

ABSTRACT: This i» the final report of a reliability 

research program to study the response of a-Si solar cells 
to accelerated temperature testing. The goal of the 
research was to utilize accelerated testing to identify 
failure/degradation modes and to relate them to basic 
physical, chemical, and metallurgical phenomena. Four 
types of single junction commercial modules were subjected 
to 140°C testing, both in the dark and under illuminated 
conditions. The before and after electrical character- 
istics of individual cells were measured and compared and 
correlated with physical evidence. A fifth module type 
could not be tested because of poor adherence of the films 
to the glass superstate. A short term effect of stressing 
was noted which dramatically improved cells with low V 
on one type of construction. All cells eventually showed 
long term Irreversible degradation, but the time to 50% Pm 
reduction varied by as much as two orders of magnitude de 
pending on construction. No basic difference could be de 
tected between degradation under illuminated or non illumi- 
nated conditions, when cells were either open or short 
circuited. Comparison with one type of tandem cell and 
with published results of Japanese cell testing indicated 
the marked superiority of the tandem cell to all other 
types. Cells were examined physically by optical, IR, and 
SBM, and by Auger spectroscopy, secondary lon-mass spec- 
troscopy, and energy dispersive x ray analysis. The 
long-term degradation was felt to be due to localized 
penetration of aluminum through amorphous film. 
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MODULE ENCAPSULATION IN HOUSE ABSTRACTS 


TITLE: Materials Consideration for Encapsulation of 

Terrestrial PV 

AUTHOR: W.F. Carroll and E. Cuddihy 

CORPORATE AUTH : Jat Propulsion Laboratory 

DATE: July 1976 

REPORT NO: DOR-JPL 00654 

AVAILABILITY: NTIS-00654 

ABSTRACT: This paper deals with several key considerations 

regarding development of reliable, low-cost encapsulation 
systems for terrestrial PV. Critical materials’s proper 
ties and their relationship to encapsulation requirements 
and options for encapsulation implementation are described. 
The obvious requirements for transparency <of the cover), 
structural support and electrical conduction/insulation 
are treated only in relation to other properties. Avail- 
able data on moisture diffusion through polymers (measured 
with finite driving force) tend to indicate that no poly- 
meric system will preclude penetration of moisture to 
junctions and metallization. Only glass ceramics and 
metals have diffusion rates sufficiently low to predict 
adequate protection. Recent work indicates interface 
(polymer/device) adhesion plays a critical role in limit- 
ing diffusion. Terrestrial PV devices will be subject to 
nearly 10* diurnal (plus numerous shorter and longer) 
thermal cycles during a 20 year lifetime. Differential 
thermal expansion must be minimized and/or accommodated in 
module design. Mechanical stress is known to accelerate 
environmental degradation (oxidation, photochemical, etc.) 
of some polymer systems. The ’’true elastic limit” of 
polymers is critical to reliable encapsulation system 
design. The derivation of true elastic limit and its 
significance to "fatigue” will be described. 


TITLE: Development and Validation of a Life Prediction 

Methodology for LSSA Encapsulated Modules 
AUTHOR: C. Coulbert 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1977 

REPORT NO: 5101-40 

AVAILABILITY: NTIS, PC 346-223-CC 

ABSTRACT: This report outlines an approach to the develop- 

ment of a life prediction methodology for polymer encapsu- 
lated PV cell solar array hardware. The characteristics 
and output of an ideal life prediction model are described. 
Such a model depends on the development of quantitative 
Intermediate relationships between the environmental expos 
ure parameters and the basic chemical mechanisms of mater 
ial aging. These are described conceptually along with 
suggested relationships which might be developed for two 
potential solar array failure modes, optical transmission 
loss and delaml nat Ions . The use of accelerated/abbrevi 
a ted testing in the development of a life prediction 
methodology is reviewed. The distinction between testing 
to reveal failure modes and testing to define rates of 
degradation is presented. The point is also made that 
acceptance tests and performance tests which involve some 
degree of stress acceleration have very limited applica 
tlon to predicting module lifetimes. 


TITLE: Material and Design Considerations of Encapsulants 

for PV Arrays in Terrestrial Applications 
AUTHOR: W. Carroll, E. Cuddihy, and M. Salama 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1978 

REPORT NO: DOE-JPL 00844 1 

AVAILABILITY: NT1S-00844 1 

ABSTRACT: Encapsulated PV arrays for terrestrial applica- 

tion are constructed from widely varying combinations of 
materials having dissimilar coefficients of thermal expan 
slon. Cyclic mechanical stresses will develop throughout 
the array as a result of daily temperature excursions, and 


to avoid mechanical failures and interfacial delaminations, 
It is necessary In the array design to minimize the stress 
levels generated throughout the system. The concept of 
"Thermal Stiffness,” the product of Young's modulus. Is 
presented and its applicability to minimizing mechanical 
stresses In system designs is demonstrated in the analysis 
of various models of encapsulated arrays. Also presented 
is the concept of the "Proportional- Limi t" which should be 
taken as the upper limit of design stress for plastics, 
and a discussion of the permeability to gases of polymeric 
materi ala . 


TITLE: Encapsulation Material Trends Relative to 1986 

Coat Goals 
EDITOR: E. Cuddihy 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 1978 

REPORT NO: 5101-61 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: The status and an assessment of solar PV module 

encapsulation systems applicable to the LSA Project 1986 
cost and performance goals are presented. The 1986 LSA 
cost goal for a 20-yr life solar cell module is t . 50/W or 
$5/ft . Out of this cost goal, $.25/ft^ is currently 
allocated for the encapsulation construction materials, 
including the mechanical support for the cells. Six basic 
construction elements were identified and their func- 
tions defined. These elements are outer covers, pottents, 
substrates, superstates , adhesives, and back covers. For 
each construction element, a uniform costing basis was 
established for comparative analysis and an extensive 
survey of existing commercial materisls which could be 
used was carried out. This survey generated an apprecia 
tlon of the minimum costs which must be paid for the mater 
ials of each construction element and a better awareness 
of the likelihood of fabricating a $.25/ft ? encapsulation 
system. The survey permitted ident 1 fiction of the lowest- 
costing material classes which could be used to meet the 
1986 cost goals. Material deficiencies identified in this 
Burvey also permitted recognition of material developmental 
activities needed In the future. The resultant output 
from cost and materials analysis derived from these 
ongoing surveys, suggests that a $.25/ft ? encapsulation 
cost goal is attainable, but not without some specifically 
directed material developmental activities. These activ- 
ities will focus on modifications to existing materials 
and evolvement of new and specific product lines from 
existing and well-established material families. 


TITLE: A Life Prediction Methodology for Encapsulated 

Solar Celts 
AUTHOR: C. Coulbert 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: May 1978 

REPORT NO: DOE-JPL 02582 

AVAILABILITY: NTIS-02582 

ABSTRACT: This paper presents an approach to the develop- 

ment of a life prediction methodology for encapsulated 
solar cella which are intended to operate for 20 yr or 
more in terrestrial environment. The use of accelerated/ 
abbreviated testing to develop these intermediate relation- 
ships and in revealing failure modes is discussed. An 
approach to enhancing the value of such field tests to 
provide data for life prediction is described. 


TITLE: Encapsulant Candidate Materials for 1982 Cost Goals 

AUTHOR: H. Maxwell 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1978 

REPORT NO: 5101-72 

ABSTRACT: A cost of $2.00/V by 1982 has been established 

by the LSA Project as an intermediate goal to the primary 
Project goal of $0. 50/strawman designs for 12.00/W arrays, 
including various options, tradeoffs, and cost. To sup- 
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port thla primary output. Information is presented on 
encapsulation experience, encapsulation system design 
criteria, and basic preparation and costs of candidate 
materials. The encapsulation system can be subdivided 
into six basic elements: top covers, superst rates , pot- 
tants, adhesives, substrates, and bottom covers. The 
roles of these elements in the encapsulation system are 
described In this document. Candidate materials are 
examined in relationship to their usage as one or more of 
the six basic encapsulation elements. Their properties, 
cost considerations, availability, and processing 
characteristics are discussed. 


TITLE : Photodegradation of Polymeric Encapsulants of 

Solar Cell Modules 
AUTHOR: A. Gupta 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 1978 

REPORT NO: 5101-77 

ABSTRACT: This report deals with the mechanisms of photo- 

degradation of encapsulant materials in solar cell modules. 
Data have been presented on irradiation sources, their 
applications in simulative or accelerated testing or 
mechanistic studies, and their calibration. In discussing 
mechanisms, the emphasis has been on the possible applica- 
tion of these mechanisms in creating models which correlate 
a change in molecular structure to changes In physical pro- 
perties, which, in turn, control performance in the field. 
For example, photooxldat ion of silicones has been shown to 
yield hydroxyl groups pendant on the slloxane chain which 
Increases the polar character of the silicone surface, as 
Indicated by surface energy analysis. A change in the 
surface polarity of silicones directly affects their Inter- 
facial bond strength to module substrates and causes weak 
enlng of bond strength to hydrophobic surfaces. Experl 
mentfl prove that such a UV weakened bond may undergo delam- 
inatlong on exposure to moisture. A major section of the 
report Is devoted to acrylic photochemistry and the role 
of UV stabilizers and screening agents, because they are 
viewed as potential low-cost encapsulants capable of out- 
door performance for 20 yr or more. In addition to review- 
ing some of the rich literature in these areas, we have 
described some inhouse work of preliminary nature. It is 
hoped that the addition of these recent results will add a 
topical flavor to the report. Among the acrylics we have 
studied are the methacrylates, the acrylates, and their 
copolymers which often possess unique photochemical 
properties not ascrlbable to either of the two copolymers 
by themselves. 


TITLE: Effect of Photodegradation on Chemical Structure 

and Surface Characteristics of Silicone Pottants 
Used in Solar Cell Modules 
AUTHOR: A. Gupta 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 1978 

REPORT NO: 5101-79 

ABSTRACT: Solar cell modules of Block I and Block II pur- 

chase delaminated In the field after passing JPL accept- 
ance tests. Attempts to simulate field failure using 
conventional thermal and humidity cycling tests were unsuc- 
cessful. It was surmised that delamination might be caused 
by degradation of the adhesive bond caused by solar UV . A 
failure analysis was carried out in terms of generic phys 
iochemlcal mechanisms which included a careful assessment 
of time acceleration of UV radiation. The proposed model 
included rate of change of silicone material properties, 
including properties of the surface as a function of aging 
under well characterized UV irradiation and rate of change 
in bond strength. Failure observed in the field was then 
simulated in test specimens, and the failure rate was com 
pared to that observed in the field. The inherent varla 
bility of the silicone surface from point to point often 
exceeds changes in properties caused by aging, and it is 
therefore difficult to obtain unambiguous results from the 
failure analysis described above. This ambiguity may be 


resolved by monitoring more than one surface property 
whose degradation correlates with the failure mechanism 
under study. For delamlnatlon of silicones (RTV-615 and 
Sylgard-184) from certain hydrophobic substrates we have 
identified material properties of the polymer which cor- 
relate with bonding properties of its surface and there 
fore predict environmental aging conditions under which 
debonding would occur from a specific substrate. This 
type of analysis of the failure mechanism probes into the 
molecular basis of the failure and Is of use In designing 
accelerated tests which would allow predicting lifetimes 
under given (or known) environments. Figure 1 summarizes 
this mechanistic approach to failure analysis and lifetime 
predict Ion . 

TITLE: Encapsulation Materials for PV Arrays 

AUTHOR: C. Coulbert 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 1978 

REPORT NO: DOE-JPL 00128 

AVAILABILITY: NTIS-00128 

ABSTRACT: Materials currently in use for encapsulating PV 

arrays of Si solar cells are too costly if the DOE goal of 
reducing the price of PV arrays to 50</W from $10.00 to 
$20.00/W is to be achieved. Current encapsulation mater- 
ials include silicone rubbers, glass, and PVB as trans- 
parent covers with stainless steel, aluminum, and fiber- 
glass composites as the structural substrates. As a part 
of the LSA Project, an Encapsulation Task has been estab 
lished to identify, develop, and evaluate new low-cost, 
long-life encapsulation systems capable of meeting the 
project cost and performance goals. Low cost materials 
system candidates have been identified and are being 
characterized in laboratory and field tests with detailed 
evaluation of their environmental stability when subjected 
to temperature cycling, humidity, UV radiation, dirt, and 
various other environmental hazards. Experimental data 
and analyses to date provide confidence that the cost and 
performance goals can be met. 


TITLE: Low Cost Encapsulation Materials for Terrestrial 

Solar Cell Modules 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 1978 

REPORT NO: 5101-78 

ABSTRACT: Solar cell modules must undergo dramatic reduc- 

tions in cost in order to become economically attactive as 
practical devices for the production of electricity. A 
federal goal seeks to have, by 1986, and industrial capa 
bility of producing solar cell modules at a coat of 50^/W 
(in 1975 dollars) and a service lifetime of 20 yr Today's 
modules cost more than $11.00/W, and they have an undefined 
lifetime. Part of the cost reductions must be realized by 
the encapsulation materials which are used to package, pro- 
tect, and support the solar cells, electrical Intercon 
nects, and other ancillary components. It is estimated 
that to meet a cost goal of 50*/W, encapsulation materials, 
including the structural substrate or superstrate, should 
c o 8 1 between $2.70 and $5. 00/m 2 of module area (in 1975 
dollars). This document presents the findings of material 
surveys intended to identify low cost materials which could 
be functional as encapsulants. This document further 
assesses the prognosis for achieving an encapsulation 
system at the lower cost goal of $2. 70/m 2 , and identifies 
the technologies which must be advanced or developed to 
achieve 20 yr life with the lowest costing materials. 


TITLE: Experience with Silicones in PV Modules 

AUTHOR: J. Repar 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1979 

REPORT NO: DOE JPL 1012-79/8A, and 5101-103 

ABSTRACT: PV cells which are employed In terrestrial 

environments require extensive protection for various 
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reasons. The cells ere fragile, and metal components are 
subject to corrosion as the result of chemical reaction 
with various constituents in the atmosphere. Electrical 
insulation Is required where metal substrates or frames 
era used. In addition, the deposition of atmospheric dust 
on surfaces requires that the surfaces be capable of with- 
standing repeated cleaning operations. Materials covering 
the cells on the sunlit side must be transparent with low 
light absorption, particularly in the range of 400 to 1100 
nanometers where Si solar cells are most responsive. Al- 
though various types of glass and plastics have been em- 
ployed as encapsulation materials, several room temperature 
curing silicones have processing characteristics which are 
readily applicable to encapsulation of Si solar cells and 
also have excellent light transmission properties coupled 
with high dielectric strengths. This report will be con 
fined to a discussion of experience with room temperature 
curing silicones. Experience in both field and laboratory 
tests has indicated that delamination and other bond fail- 
ures occur where silicones are used. The three which have 
been most widely used are General Electric’s RTW 615 and 
two from Dow Corning, namely, Sylgard 184 and Q3-6527. A 
thin silicone film, Ql-2577, which Is also a Dow Corning 
product, has been used as a hard cover over either RTV 615 
or Sylgard 184. These studies were undertaken In an effort 
to determine the causes of delamination and other bond 
failures associated with the use of these silicones. The 
effects of deviation from recommended processing procedures 
during manufacture, and of various environmental factors 
during field exposure were examined. 


TITLE: Chemical Bonding Technology for Terrestrial Solar 

Cell Modules 

AUTHOR: E.P. Plueddemann 

CORPORATE AUTH : Jet Propulsion Laboratory 

DATE: September 1, 1979 

REPORT NO: 5101-132 

ABSTRACT: This report on chemlcsl bonding technology for 

terrestrial solar cell modules includes an introduction to 
the state-of-the-art, general principles for module appli- 
cation, as well as test results and evolving recommenda 
tlons of chemical bonding agents for EVA. 


TITLE: Reactor for Simulation and Acceleration of Solar 

UV Damage 

AUTHOR: E. Laue and A. Gupta 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 1979 

REPORT NO: DOE-JPL 1012-31, JPL Pub. 79-92, 5101-135 

AVAILABILITY: NTTS , PC A03/HF A01 

ABSTRACT: An environmental test chamber providing acceler- 

ation of UV radiation and precise temperature control 
<+ 1°C) has been designed, constructed and tested. This 
chamber allows acceleration of solar UV up to 30 suns 
while maintaining temperature of the absorbing surface at 
30°C - 60°C) . This test chamber utilizes a filtered 
medium pressure mercury arc as the source of radiation, 
and a combination of selenium radiometer and Si radiometer 
to monitor solar UV (295 - 34 nm) and total radiant power 
output, respectively. Details of design and construction 
and operational procedures are presented along with typical 
test data. 


TITLE: Encapsulation Materials Status to December 1979 

AUTHOR: E.F. Cuddihy 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1980 

REPORT NO: 5101-144 

ABSTRACT: Two task objectives have been defined in achiev 

ing 1986 technology readiness of encapsulation systems: 

(1) Materials and Processes. Define, develop, demonstrate 
and qualify encapsulation systems, materials, and processes 
that meet the Project life, cost and performance goals. 

(2) Life Prediction Method. Develop and validate a module 


life prediction method based on modeling life-limiting 
failure modes and on conducting and analyzing accelerated 
aging tests of candidate encapsulation systems. This is a 
status report on the first tesk objective, to date. The 
Project goal is to sponsor and stimulate activities that 
will reduce solar array prices to $0.14/W pk or |l4/m 2 
of completed module including an edge seal and gasket. 
Surveys of encapsulation materials capable of meeting the 
Project goal have been carried out (References 2, 3) and 
were reported in April 1978 In the Project report 
"Encapsulation Material Trends Relative to 1986 Cost 
Goals" (Reference 3). Thla was followed by a shortened 
version entitled "Low Cost Encapsulation Materials for 
Terrestrial Solar Cell Modules" (Reference 4). The 1978 
articles reported on a broad class of candidate materials 
by generic description, such as EVA, recognizing that many 
of the reported materials were not immediately useful for 
encapsulation. Since April 1978 no new generic classes of 
materials have been identified, and the emphasis in the 
intervening period has been on the identification, develop 
ment and evaluation of specific materials within the gener 
1c classes, and the evolution of encapsulation processes 
and of module designs with the low- cost materials. Tn 
April 1978, encapsulation materials industrially used con 
sisted essentially of two castable silicone elastomers 
(Sylgard 184 and RTV 615), a silicone gel, PVB laminating 
film, a hard silicone sol 1- resistant top coat, Tedlar and 
Mylar films, glass superstrate, and several substrate 
panels such as aluminum, NEMA CIO epoxy board, and glass 
reinforced polyester. Many of these materials are still 
being used and evaluated by module manufacturers: there 
fore the LSA program has chosen not to duplicate evalua 
tlon of them. 


TITLE: Glass for Low-Cost PV Solar Arrays 

AUTHOR: F.L. Bouquet 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1980 

REPORT NO: DOE-JPL 1012-40, JPL Pub. 80 12, 5101-147 

AVAILABILITY: NT1S, PC A04/MF A01 

ABSTRACT: In PV systems, the encapsulant material that 

protects the solar cells should be highly transparent and 
very durable. Glass satisfies these two criteria and is 
considered a primary candidate for low-cost, PV encapsula 
tlon systems. In this report, various aspects of glass 
encapsulation are treated that are important for the desig- 
ner of PV systems. Candidate glasses and available infor 
matlon defining the state of the art of glass encapsulation 
materials and processes for automated, high volume produc 
tlon of terrestrial PV devices and related applications 
are presented. The criteria for consideration of the glass 
encapsulation systems were based on the Project goals for 
arrays: (a) a low degradation rate, (b) high reliability, 

(c) an efficiency greater than 10 percent, (d) a total 
array price less than $500/kW, and <e) a production capac- 
ity of 5 x 10 5 kW/yr. The glas9 design areas treated 
herein include the types of glass, sources and costs, 
physical properties and glass modifications, such as AR 
coat Ings . 


TITLE: PV Module Soiling Studies May 1978 to October 1980 

AUTHOR: A . R . Hoffman, and C.R. Maag 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1, 1980 

REPORT NO: DOF/JPL 1012-49, JPL Pub. No. 80-87, 5101-131 

ABSTRACT: The retention of particulate contamination on 

the 

surface of flat-plate PV devices is adversely affecting 
electrical performance of outdoor exposed modules This 
report describes the results of an experimental study being 
performed to characterize and understand the effects of 
outdoor contaminants on sensitive optical surfaces of flat- 
plate PV modules and cover materials. Comparative electri- 
cal and optical performance data from PV modules and mater 
lals subjected to outdoor exposure at field-test sites 
throughout the United States have been collected and exam 
ined. The results show significant time and site depend- 
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ence. During periods when natural removal processes do 
not dominate, the rate of particulate contamination accumu- 
lation appears to be largely mater i al- i ndependent . The 
effectiveness of natural removal processes, especially 
rain, it strongly material-dependent. Glass and acrylic 
top-cover materials retain fewer particles than silicone 
rubber does. Side-by-side outdoor exposure testing for 
long duration Is presently the most effective means of 
evaluating soiling differences between materials. Changes 
in Bpectral transmission as a function of time and location 
and limited scattering data are presented. 


TITLE: Development of Reduced Variable Master Curves for 

Estimating Tensile Stresses of Encapsulated Solar 
Cells Caused by Module Deflection or Thermal 
Expansion 

AUTHOR: E.F. Cuddlhy 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 1, 1981 

REPORT NO: 5101-182 

ABSTRACT: Complex computer programs are being used by 

Spectrolab, Inc., to achieve encapsulation engineering 
optimization of PV modules. Optimization involves struct- 
ural adequacy, electrical Isolation (safety), maximum opti- 
cal transmission, and minimum module temperature, at the 
lowest life-cycle energy cost. A goal of this activity is 
the generation, where possible, of encapsulation engineer- 
ing generalities, principles, and design aids (tables or 
graphs) that would permit a ready, desktop capability to 
an engineering evaluation of encapsulation options involv- 
ing materials or designs. This article reports the first 
efforts to generate reduced variable master curves to 
serve as structural- ana lys i s design aids 


TITLE: PV Module Encapsulation Design and Materials 

Selection: Volume I 

AUTHOR: E. Cuddlhy, W. Carroll, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1982 

REPORT NO: DOE-JPL 1012 60, JPL Pub. 81 102, 5101-177 

AVAILABILITY: NTIS, PC A08/MF A01 

ABSTRACT: Encapsulation material system requirements, 

mater i al- select ion criteria, and the status and properties 
of encapsulation materials and processes available to the 
module manufacturer are presented in detail. Technical 
and economic goals established for PV modules and encapsu 
lation systems and their status are described for material 
suppliers to assist them is assessing the suitability of 
materials in their product lines and the potential of new 
material products. A comprehensive discussion of available 
encapsulation technology and data is presented to facili- 
tate design and material selection for Si flat-plate PV 
modules, using the best materials available and processes 
optimized for specific power applications and geographic 
sites. Section II provides a basis for specifying the 
operational and environmental loads that encapsulation 
material systems must resist. Potential deployment sites 
for which cost effectiveness may be achieved at a module 
price much greater than $0.70/W p , are also considered; 
data on higher-cost encapsulant materials and processes 
that may be in use and other material candidates that may 
be justified for special application are discussed. 

Section III describes encapsulation system functional 
requirements and candidate design concepts and materials 
that have been Identified and analyzed as having the best 
potential to meet the cost and performance goals for the 
FSA Project. Sections IV, V. and VI present the available 
data on encapsulant material properties, fabrication pro- 
cessing, and module life and durability characteristics. 

TITLE: PV Characterization of Encapsulant Materials for 

PV Modules 

AUTHOR: R. Liang, A. Gupta, and S.D. Stefano 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1982 

REPORT NO: DOE JPL 1012-72, JPL Pub. 82-42, 5101-210 


ABSTRACT: A PV test matrix and a low-cost testing appa 

ratus for encapsulant materials of PV modules have been 
defined and illustrated. Photothermal studies were con- 
ducted In order to screen and rank existing as well as 
future encapsulant candidate materials and/or material 
formulations in terms of their long-term phys lochemical 
stability under accelerated photothermal aging conditions. 
Photothermal characterization of six candidate pottant 
materials and six candidate outer cover materials have 
been carried out. Principal products of photothermal 
degradation were identified. Certain critical properties 
were also monitored as a function of photothermal aging. 


TITLE: PV Module Encapsulation Design and Materials 

Selection, Volume I (Abridged) 

AUTHOR: E. Cuddlhy 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 1, 1982 

REPORT NO: DOE JPL 1012-77, JPL Pub. 82-81, 5101-216 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: The functional requirements and the status of 

candidate material systems and processes for PV modules is 
described in detail In PV Module Encapsulation Design and 
Materials Se lecti on. Volume I , JPL Document No. 5101 177, 
JPL Publication 81-101, DOE/ J PL- 10 1 2-60 , JPL, Pasadena, 
California, June 1, 1982 (Reference 1). This document, a 
summary of Volume I, presents the basic encapsulation 
systems, their purposes and requirements, and the charac- 
teristics for the most promising candidate systems and 
materials, as identified and evaluated by FSA. This 
summary necessarily omits considerable detail and much 
supporting and experimental information. A reader inter 
ested in references, literature citations, and in more 
detailed information on specific topics, should consult 
Reference 1. 


TITLE: The Application of Encapsulation Material 

Stability Data to PV Module Life Assessment 
AUTHOR: CD. Coulbert 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 1, 1983 

REPORT NO: DOE JPL 1012-84, JPL Pub. 83-27, 5101-224 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: For any piece of hardware that degrades when 

subjected to environmental and application stresses, the 
route or sequence that describes the degradation process 
may be summarized In terms of six key words: LOADS, 

RESPONSE. CHANGE, DAMAGE, FAILURE, AND PENALTY. Applied 
to PV modules, these six factors form the core outline of 
an expanded failure analysis matrix for unifying and inte 
grating relevant material- degradat ion data and analyses. 

An important feature of this approach is the deliberate 
differentiation between factors such as CHANGE, DAMAGE, 
and FAILURE The application of this outline to materials 
degradation research facilitates the distinction between 
quantifying material property changes and quantifying 
module damage or power loss with their economic conse- 
quences. The approach recommended for relating material 
etabiltty data to PV module life is to use the degree of 
DAMAGE to: (1) optical coupling, (2) encapsulant package 
integrity, (3) PV circuit integrity, or (4) electrical 
isolation as the quantitative criterion for assessing 
module potential service life rather than simply using 
module power loss. The failure analysis matrix and its 
application to module life assessment, with specific 
examples and data, are described. 


TITLE: Applications of Ethylene Vinyl Acetate as an 

Encapsulation Material for Terrestrial PV Modules 
AUTHOR: E. Cuddlhy, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 15, 1983 

REPORT NO: DOE JPL 1012-87, JPL Pub. 83 35, 5101-220 

AVAILABILITY: NTIS, PC A05/HF A01 
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ABSTRACT: Terrestrial PV modules must undergo substantial 

reductions In cost to become economically attractive as 
practical devices for large scale production of electric- 
ity. Part of the cost reductions must be realized by the 
encapsulation materials that are used to package, protect, 
and support the solar cells, electrical interconnects, and 
other ancillary components. Because many of the encapsula- 
tion materials are polymeric, cost reductions necessitate 
the use of low-cost polymers. The performance and current 
status of ethylene vinyl acetate, a low cost polymer being 
investigated as an encapsulation material for terrestrial 
PV modules, are described. 


TITLE: Handbook of Photothermal Test Data on Encapsulant 

Materials 

AUTHOR: R.H. Liang, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: May 1, 19B3 

REPORT NO: DOE-JPL 1012-86, JPL Pub. 83-32, 5101 230 

AVAILABILITY: NTIS, PC A08/MF A01 

ABSTRACT: This report describes laboratory tests performed 

to characterize candidate encapsulation materials with re- 
spect to changes in their physical and chemical properties 
caused by photothermal aging. Several key material proper- 
ties relating directly to material degradation and deterio 
ration of performance have been identified and have been 
monitored as functions of aging conditions and time. This 
handbook provides a status report on accelerated testing 
activities and presents experimental data collected before 
and during December 1982. It will be updated periodically 
as more data become available. 


TITLE: Proceedings of the FSA Project Research Forum on 

Quantifying Degradation 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1, 1983 

REPORT NO: DOE JPL 1012-89, JPL Pub. 83 52, 5101-231 

AVAILABILITY: NTIS, PC A22/MF A01 ; 1 

ABSTRACT: For PV modules to become practical for large- 

scale electrical power production, they must undergo cost 
reductions and they must become sufficiently durable to 
perform reliably for many years. FSA, managed by JPL for 
DOE, has established cost and life goals of $l4.00/m ? and 
20 years. FSA research has identified and advanced tech- 
nologies with potential for achieving the cost goal, and 
seeks to identify and advance relevant technologies for 
meeting the durability goal. The Quantifying Degradation 
Research Forum addressed identification and quantification 
of module degradation rates and mechanisms. Acquisition 
and analysis of degradation data and formulation of analyt 
ical models may facilitate assessment of the life potential 
of hardware designs, provide design criteria for improved 
hardware, and help develop tests and standards to assure 
the durability and quality of future modules. To assess 
long-term durability from short term field or accelerated 
testing, it is essential to identify, understand and quant- 
ify potential life limiting damage mechanisms. Approaches 
to identifying and characterizing degradation mechanisms 
such as corrosion, cyclic fatigue, photothermal aging, 
soiling, debonding, and electrical stress effects are 
addressed. Experience and approaches of other industries 
in achieving and assuring hardware durability are reviewed 
and discussed. 


TITLE: Chemical Bonding Technology for Terreatrlal PV 

Modules Status to February, 1983 
AUTHOR: D . R . Coulter, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 15, 1983 

REPORT NO: DOE JPL 1012-91, JPL Pub. 83-86, 5101-232 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: Encapsulated PV modules must hold together for 

20 years, reliably resisting delamination and separation 
of any of the component materials. Delamination of encap- 


sulation materials from each other, or from solar cells 
and interconnects, can create voids for accumulation of 
water, promoting corrosive failure. De 1 ami na t i on of sili- 
cone elastomers from unprimed surfaces was a common occur- 
rence with early modules, but the incidences of silicone 
delamination with later modules decreased when adhesion 
promoters recommended by silicone manufacturers were used. 
An Investigation of silicone delamination from unprimed 
surfaces successfully identified the mechanism, which was 
related to atmospheric oxygen and moisture. This early 
finding indicated that reliance on physical bonding of 
encapsulation interfaces for long life in an outdoor envi 
ronment would be risky. For long outdoor life, the mater 
lals components of a module must therefore be held together 
by weather stable adhesion promotors that desirably form 
strong, interfacial chemical bonds. The Environmental 
Isolation Task of FSA, managed by JPL for the DOE, con- 
ducted a program to identify, develop, and validate 
weather- stable chemical bonding adhesion promotors for 
terrestrial PV. This program Is a joint effort currently 
involving Dow Corning Corp. , Case Western Reserve Univer 
slty, Rockwell International, Sprlngborn Laboratories, 

Inc., and JPL. This report is intended to accomplish 
three purposes: to provide a status report on chemically 

bonding adhesion promotors, with data on bond strength 
performance; to describe and discuss the theories of the 
chemically bonded Interface; and to identify processing 
considerations relevant to achieving long term interfacial 
chemical bonding. 


TITLE: A Concept for the Intrinsic Dielectric Strength of 

Electrical Insulation Materials 
AUTHOR: Edward Cuddthy 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 15, 1984 

REPORT NO: DOE-JPL 10X2-105, JPL Pub. 85-30, 5101-252 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: A concept Is described for a possible definition 

of the intrinsic dielectric strength of insulating mater 
ials. This can be considered as a fundamental material 
property similar to other material properties, such as 
Young s modulus, index of refraction, and expansion coef- 
ficient. The events leading to the recognition of this 
property are reported, and the property Is defined. This 
intrinsic dielectric strength concept should facilitate 
interpretation of results from accelerated and/or natural 
a R in S programs intended to predict electrical insulation 
service Hfe of encapsulants in PV modules. As a practical 
application, this new concept permitted a possible explana 
tlon of the cause of failures in buried high voltage cables 
with polyethlene insulation, as well as a possible explana 
tion of the causes of electrical trees in polyethylene. 


TITLE: PV Module Encapsulation Design and Materials 

Selection: Volume II 

AUTHOR: B. Cuddihy 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1, 1984 

REPORT NO: DOE-JPL 1012-97, JPL Pub. 84-34, 5101-237 

AVAILABILITY: NTIS, PC A06/MF AOl ; 1 

ABSTRACT: Volume I (Reference 1), published June 1, 1982, 

described encapsulation material system requirements, 
material-selection criteria, and the status and properties 
of encapsulation materials and processes available to mod 
ule manufacturers. To assist material suppliers in asses 
alng the suitability of materials in their product lines 
and the potential of new material products, technical and 
economic goals established for PV modules and encapsulation 
systems and their status were described. A comprehensive 
discussion of available encapsulation technology and data 
was presented to facilitate design and material selection 
for Si flat-plate PV modules, using the beat materials 
available and processes optimized for specific power appli- 
cations and geographic sites. Volume II extends and sup 
plements Volume 1 by describing FSA encapsul at i on technol 
ogy developed between June 1, 1982, and January 1, 1984. 
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Emphasis during this period shifted from materials develop- 
ment to demonstration of reliability and durability in an 
outdoor environment. The updated information In this 
volume reflects the developing technology base related to 
both reliability and encapsulation process Improvements. 


TITLE: Antisoiling Technology: Theories of Surface Soil- 

ing and Performance of Antisolling Surface Coatings 
AUTHOR: E.F. Cuddihy and P.B. Willis 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 15, 1984 

REPORT NO: DOE-JPL 1012-102, JPL Pub. 84-72, 5101-251 

AVAILABILITY: NTIS, PC A03/MF A01 

ABSTRACT: Physical examination of surfaces undergoing 

natural outdoor soiling suggests that soil matter accumu- 
lates In as many as three distinct layers. The first 
layer Involves strong chemical attachment or strong cheml 
sorption of soli matter on the primary surface. The second 
layer is physical. It consists of a highly organized 
arrangement of soil creating a gradation in surface energy 
from a high associated with the energetic first layer to 
the lowest possible state as dictated by the chemical and 
physical nature of the regional atmospheric soiling mater- 
ials. These first two layers are resistant to removal by 
rain. The third layer constitutes a settling of loose soil 
matter, accumulating in dry periods and being removed dur 
ing rainy periods. Theories and evidence suggest that sur 
faces that should be naturally resistant to the formation 
of the first two rain resistant layers should be hard, 
smooth, hydrophobic, free of first period elements, and 
have the lowest possible surface energy. These character- 
istics, evolving as requirements for low soiling surfaces, 
suggest that surfaces or surface coatings should be of 
fluorocarbon chemistry. Evidence is presented for the 
three soil layer concept, as well as data on the positive 
performance of candidate fluorocarbon coatings on glass 
and transparent plastic films after 28 months of outdoor 
exposure . 


TITLE: A Concept for the Intrinsic Dielectric Strength of 

Electrical Insulation Materials 
AUTHOR: E.F. Cuddihy 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 15, 1985 

REPORT NO: DOE/JPL 1012-105, and 5101 252 

ABSTRACT: A concept is described for a possible definition 

of the intrinsic dielectric strength of insulating mater- 
ials, which can be considered as a fundamental material 
property similar to other material properties, such as 
Young’s modulus, index of refraction, Rnd expansion coef 
flcients. The events leading to the recognition of this 
property are reported, and the property is defined. This 
intrinsic dielectric strength concept should facilitate 
interpretation of results from accelerated and/or natural 
aging programs Intended to predict electrical insulation 
eervlce life of encapsulants in PV modules. As a prectl 
cal application, this new concept enabled a possible ex 
pi anat Ion of the cause of failures in buried high voltage 
cables with polyethylene insulation, and a possible explan 
atlon of the causes of electrical trees in polyethylene; 
these also are described. 


TITLE: Chemical Bonding Technology: Direct Investigation 

of Interfacial Bonds 
AUTHOR: J.L. Koenig, et al . 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1986 

REPORT NO: DOE JPL 1012-120, JPL Pub. 86 6 , 5101 284 

ABSTRACT: This is the third FS A document reporting on 

chemical bonding technology for terrestrial PV modules. 

The impetus for this work originated in the late 1970s 
when PV modules employing silicone encapsulation materials 
were undergoing delamination during outdoor exposure. At 
that time, manufacturers were not employing adhesion pro- 


moters and, hence, module interfaces in common with the 
silicone materials were only in physlcsl contact and there 
fore easily prone to separation if, for example, water were 
to penetrate to the interfaces. Delamination with silicone 
materials virtually vanished when adhesion promoters, rec 
onsnended by silicone manufacturers, were used. With the 
decrease in use of silicone encapsulants, and the increase 
in use of hydrocarbon encapsulants such as EVA, the need 
developed for adhesion promoters specifically developed 
for these new materials. The adhesion promoters being de 
veloped for EVA type materials are based on organo- s i lanes , 
which generate primary chemical bonds at the interface, 
that is, chemical bonding. These sdhesion promoters are 
commonly referred to as ’’primers". The first report on 
this subject ( Ch em i cal Bond Ing Technology f o r Terres t rial 
Solar Cel l Modules , by E.P. Plueddeman, JPL 5101 132, dated 
September 1, 19 79) described the chemistry of primers based 
on organosllane chemistry, and the second report (Chemical 
Bond i ng Te chn olo gy for Ter restrlsl PV Modules , b y 
D.R. Coulter, E.F. Cuddihy and E.P. Plueddeman, JPL 
Pub. 83-86, dated November 15, 1983) described chemical 
bonding theories, and also included a listing of candidate 
primer and adhesive systems being investigated for all of 
the various module interfaces. This report describes the 
activities related to the direct investigation of 
chemically bonded interfaces. 


TITLE: The Aging Correlation ( RH + t): Relative Humidity 

(%) + Temperature (°C) 

AUTHOR: E.F. Cuddihy 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 15, 1986 

REPORT NO: DOE JPL 1012 121, JPL Pub. 86-7, 5101-283 

ABSTRACT: An aging correlation between corrosion life 

time, and relative humidity RH(%) and temperature t(°C) 
has been reported in the literature. This aging corre- 
lation Is a semi log plot of corrosion lifetime on the log 
scale versus the interesting summation term |RH(%) 4 t(°C)} 
on the linear scale. This empirical correlation was de 
rived from observation of experimental data trends and has 
been referred to as an experimental law. Using electrical 
resistivity data of PVB measured as a function of relative 
humidity and temperature, it was found that the electrical 
resistivity could be expressed as a function of the term 
{ RH (D + t(°)}. Thus, if corrosion is related to 
leakage current through an organic insulator, which, in 
turn, is a function of RH and t, then some partial theo 
retical validity for the correlation is Indicated. This 
article describes the derivation of the term | (RH(%) 4 
t < °C ) } from PVR electrical resistivity data 
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MODULE ENCAPSULATION CONTRACTOR ABSTRACTS: 


TITLE: Pinal Report. Terrestrial Service Environments 

for Selected Geographic Locations. 

AUTHOR: D.C. Carmichael and R.E. Thomas 

CORPORATE AUTH: Bat telle Memorial Institute, 

Columbus Laboratories 

DATE: June 1976 

REPORT NO: ERDA-JPL 954328-76/5 

ABSTRACT: This report contains results obtained from 

analyses of climatic, precipitation, air pollution and 
other environmental data for the years 1965-1974 at nine 
widely different geographic locations in the United States. 
In addition to descriptive and diurnal statistics for 24 
Individual climatic variables, "environmental cell" statis- 
tics were computed to obtain the frequencies, durations, 
and transitions for the simultaneous occurrence of various 
combinations of environmental variables. Results are pre 
sented for the simultaneous occurrence of specific levels 
of air temperature, relative humidity, wind speed, and 
insolation, in addition to representative results obtained 
for other combinations of variables. The results charac- 
terize the environmental conditions to which terrestrial 
solar arrays would be exposed over a 20-yr lifetime, and 
serve to Identify environmental factors and levels that 
can be used in testing candidate encapsulation materials 
and systems for such terrestrial exposures. An innovative 
methodology was applied to obtain these results for combi 
nations of environmental variables. Because of its gen 
erallty and demonstrated feasibility, It is concluded that 
the methodology also has broad applications to other 
testing programs. 


TITLE: Final Technical Report. Review of World 

Experience and Properties of Materials for 
Encapsulation of Terrestrial PV Arrays 
AUTHOR: D.C. Carmichael 

CORPORATE AUTH: Battelle Memorial Institute, 

Columbus Laboratories 
DATE: July 21, 1976 

REPORT NO: ERDA-JPL 954328 76/4 

ABSTRACT: Available information defining the state of the 

art of encapsulation materials and processes for terres- 
trial PV devices and related applications were collected 
and analyzed. The criteria for consideration of the encap- 
sulation systems were based on the LSA goals for arrays 
with a lifetime of over 20 yrs high reliability, and 
efficiency greater than 10H, a total array price less than 
|500/kW, and a production capacity of 5 x lO^kV/yr. Pub 
lished And unpublished Information relating to encapsula 
tlon systema and materials properties was collected by 
searching the literature. None of the encapsulation mater 
lals used meets all of the LSA criteria (particularly 
cost), but some have performed well. Since the design of 
the ultimate LSA device is yet to be established, selec- 
tion of candidate materials was based upon both LSA 
criteria and specific materials properties (e.g., light 
transmission) requisite to the functions of various 
components (e.g,, covers pottants, etc.) in potential 
encapsulation systems, as well as upon temperature and 
processing constraints associated with the cell structure. 
The recommended materials (all commercially available) 
include, depending upon the device design, various boro 
silicate and soda- lime glasses and numerous polymeries 
suitable for specific enc apsul at 1 on - system functions. 


TITLE: Final Report. Methodology for Designing 

Accelerated Aging Tests for Predicting Life of PV 

Arrays 

AUTHOR: G.B. Gaines 

CORPORATE AUTH: Battelle Memorial Institute, 

Columbus Laboratories 
DATE: February 1, 1977 

REPORT NO: DOE-JPL 954328 77/1 
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ABSTRACT: This study undertook to develop a methodology 

for designing aging tests In which life prediction was 
paramount. Part II presents the improved methodology 
developed in this study. The developed methodology empha- 
sizes the importance of Incorporating substantial contri- 
butions at the time of initiation of the test design from 
statisticians, material scientists, and test engineers in 
order to achieve a test design that is both statistically 
satisfactory and is practical in terms of the number of 
tests to be run. The first 6 steps of the developed metho- 
dology focus on the explicit identification of necessary 
engineering Input information, identification of possible 
failure modes and environmental variables (stresses) that 
may affect the time rates of degradation for each failure 
mode without changing the failure mode, estimation of ex- 
pected overall severity of each combination of environ- 
mental stresses, and analysis of severity ratings as a 
hierarchical tree. An examination of the tree makes It 
possible to identify those test conditions (combinations 
of environmental stress levels) that are expected to pro 
duce the largest changes In degradation rates. Because 
the remaining tests may not form a suitable experimental 
design, the methodology provides for the inclusion of 
selected additional tests to remove as may statistical 
deficiencies as possible within the allowable time/cost 
constraints. Considerations of precision, accuracy, and 
test sensitivity are also included in the report. 


TITLE: Final Report. Accelerated/Abbrevi ated Test 

Methods for Predicting Life of Solar Cell 
Encapsulants . October 25, 1977 to April 30, 1978 
AUTHOR: J.M. Kolyer, N.R. Mann and J. Farrar 

CORPORATE AUTH: Rockwell International Corp. 

DATE: April 30, 1978 

REPORT NO: DOE-JPL 954458 78/10 

AVAILABILITY: NTIS, PC A13/MF A01 

ABSTRACT: Accelerated and abbreviated test methods were 

developed for predicting the outdoor lifetime of solar 
cell encapsulants. Encapsulants are clear materials 
applied as covers to protect the cells from environmental 
hazards. An important principle Is that encapsulants 
should be tested in a total array system allowing realistic 
interaction of components. Therefore, micromodule test 
specimens were fabricated with a variety of encapsulants, 
substrates, and types of circuitry. Interactions, some 
times favorable, were observed between these components. 

One common failure mode was corrosion of circuitry and 
solar cell metallization due to moisture penetration. 
Another was darkening and/or opacification of encapsulant. 
However, the power output remained high despite drastic 
visual changes. A test program plan was proposed. It 
included multicondition accelerated exposure, which was 
demonstrated to give successful predictions for property 
changes. Another method was hyperaccelerated photochemical 
exposure using a solar concentrator. It simulates 20 yrs 
of sunlight exposure in a short time period of one to two 
weeks. The study was beneficial in Identifying some cost- 
effective encapsulants and array designs. It was shown 
that Si junctions are remarkably resistant to moisture and 
contaminants. With corros i on- res i s t an t circuitry, the en 
capsulant could be a low cost plastic which protects cells 
from dust, abrasion, and mechanical shock. 


TITLE: Final Report. Studies and Testing of AR Coatings 

for Soda Lime Glass 

AUTHOR: E.M. Pastirik, T.G. Sparks, and M.G. Coleman 

CORPORATE AUTH: Motorola, Inc. 

DATE: May 1978 

REPORT NO: DOE-JPL 954773 78/1 

AVAILABILITY : NTIS, PC A03/MF A0I 

ABSTRACT: Experimental results on this feasibility study 

to establish processes for producing AR films on glass are 
very encouraging. Efforts have been concentrated in three 
areas: acid etching of glass, plasma etching of glass, and 

acid development of sodium silicate films on glass. The 
best transmission to date has been achieved through the 
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acid etching technique, while the moat durable films have 
been produced from development of sodium silicate films. 
Control of the acid etching technique Is presently inade 
quate for production Implementation, and large scale appli- 
cation methods for sodium silicate films need further defi- 
nition. While films having excellent AR properties have 
been fabricated by plasma etching techniques, all have been 
water soluble, disqualifying the films from a weatherabll- 
ity standpoint. 


TITLE: Final Report. Evaluation of Available 

Encapsulation Materials for Low Cost Long Life Si 
PV Arrays 

AUTHOR: D.C. Carmichael, G.B. Gaines, et al. 

CORPORATE AUTH: Battelle Memorial Institute, 

Columbus Laboratories 

DATE: June 1978 

REPORT NO: DOE JPL 954328 78/? 

AVAILABILITY: NTIS, PC A06/MF AOl 

ABSTRACT: The 1986 objectives of the LS A Project are to 

develop the technology and manufacturing capability to 
produce 500,000 kW/yr of PV arrays at a cost of less than 
$500/kW, with an efficiency of greater than 10% and a 
service life of 20 yrs . One of the tasks {Encapsulation 
Task) of this project is concerned with the development 
and evaluation of the protective encapsulation-material 
systems which will be required to meet these cost and ser- 
vice life objectives, as well as the production and per- 
formance objectives for terrestrial PV arrays. To help 
evaluate the requirements and potential of encapsulation 
systems for arrays, an extensive review and analysis was 
made, in a previous study, of prior world experience with 
PV arrays in the field and the service behavior of encapsu- 
lation materials for PV and related applications. In addi 
tion to an appraisal of field experience and problems, can 
didate materials for various functions in the array encap 
sulation system were recommended for investigation and 
pertinent properties of these materials were collected and 
reported in that study. The study that is reported here 
consists of the experimental evaluation of selected encap 
sulation designs and materials based on the earlier study 
which have potential for use in low-cost, long-life PV 
arrays . 


TITLE: Final Report. Ion Plating of Solar Cell Arrays 

CORPORATE AUTH: Endurex Corp. 

DATE: December 1978 

REPORT NO: DOE-JPL 954728 78/2 

AVAILABILITY: NTIS, PC A02/MF AOl 

ABSTRACT: Endurex has been engaged In a feasibility study 

to determine practicality of utilizing Endurex ion plated 
films to serve as anti-reflective and/or protective encap- 
sulants for solar cell arrays. It has been demonstrated 
that thin films of oxide materials between 1000 and 2000 A 
thick will protect a PV device from degradation in salt 
spray. Additionally, transmissivity data accumulated on 
Endurex coatings show that the AR properties of this film 
are equal to any achieved by more widely used processes. 
The Endurex Ion plating process is capable of being scaled 
up to meet 1986 throughput goals at a cost which is in 
line with 1986 cost goals. An additional benefit that may 
be realized by the utilization of ion plating is that it 
is an effluent free process utilizing no wet chemistry. 


TITLE: Final Report Measurement Techniques and 

Instruments Suitable for Life Prediction Testing 
of PV Arrays 

AUTHOR: G.T. Noel, V.E. Wood, et al. 

CORPORATE AUTH: Battelle Memorial Institute, 

Columbus Laboratories 

DATE: March 1979 

REPORT NO: DOE JPL 954328 79/12 

AVAILABILITY: NTIS, PC A05/MF AOl 


ABSTRACT: The validation of a 20-yr service life for 

low-cost PV arrays is a critical requirement in the LSA 
Project. Of neceaslty, this validation must be accomp 
lished through accelerated life-prediction tests. A 
methodology for such tests has been developed in a pre- 
ceding study at Battelle for the LSA Project. Remaining 
needs before such tests are carried out are the identifi- 
cation, assessment, and experimental evaluation of diagnos- 
tic techniques and instruments that make it possible to 
measure failure related degradative property changes over 
a short time period with sufficient precision to allow the 
prediction of sevice life exceeding 20 yr. A two-phase 
study has been conducted addressing these needs. Phase I, 
the results of which were discussed in the interim report 
on this study, accomplished the initial identification and 
assessment of all known measurement techniques and instru- 
ments that might be used in these 1 1 fe- predict i on tests 
and included recommendations on their use. The results 
and recommended techniques from the Phase 1 investigation 
are summarized in the Appendix of this report. Phase II 
of the study, covered In this report, consisted of experl 
mental evaluations of three techniques selected from those 
recommended as a result of the Phase I findings. The 
three techniques evaluated were specular and nonspecular 
optical ref lec t ometry , chemiluminescence measurements, and 
electrical current noise measurements. 


TITLE: Final Report. Development of an Accelerated Test 

Design for Predicting the Service Life of the 
Solar Array at Mead, Nebraska 
AUTHOR: G.B. Gaines, RE. Thomas, et al. 

CORPORATE AUTH: Battelle Memorial Institute, 

Columbus Laboratories 

DATE: June 1979 

REPORT NO: DOE JPL 954328-79/13 

AVAILABILITY: NTIS, PC A03/MF AOl 

ABSTRACT: This report describes an accelerated test which 

la designed to predict the life of the 25 kW PV array In 
stalled near Mead, Nebraska. Emphasis is placed on the 
power output degradation at the module level and on long 
term degradation modes, as appropriate for life prediction 
of mature devices for which infant failures are few. A 
quantitative model for accelerating testing using multiple 
environmental stresses Is used to develop the test design. 
The model accounts for the effects of thermal stress by a 
relation of the Arrhenius form. This relation is then 
corrected for the effects of nonthermal environmental 
stresses, such as relative humidity, atmospheric pollut- 
ants, and UV radiation. The correction factors for the 
nonthermal stresses include temperature dependent ex 
ponents to account for the effects of Interactions between 
thermal and nonthermal stresses on the rate of degradation 
of power output Quantitative estimates, a priori, of the 
model parameters are then used to compute expected degrada 
tion rates under various test conditions associated with a 
complete factorial experimental design. The test condi 
tions, measurements, and data analyses for the accelerated 
tests are presented for determining the predicted life of 
the modules in service at Mead. Constant- temperature , 
cycl ic- tempera! ure , and UV types of tests are specified, 
incorporating selected levels of relative humidity and 
chemical contamination and an imposed forward bias current 
and static electric Held. It is recommended that as a 
first step in test implementation, the model be selectively 
validated using identified portions of the accelerated 
test design. 

TITLE: Final Report. Develop Silicone Encapsulation 

Systems for Terrestrial Si Solar Arrays 
CORPORATE AUTH Dow Corning Corp. 

DATE: December 1979 

REPORT NO: DOE-JPL 954995-80/6 

AVAILABILITY: NTIS, PC A04/MF AOl 

ABSTRACT: This work resulted in two basic accomplishments. 

The first was the identification of DOW CORNINC Ql-2577 as 
a suitable encapsulant material for use in cost effective 
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encapsulation systems. The second was the preparation of 
a silicone acrylic cover material containing a durable UV 
screening agent for the protection of photo oildatively 
sensitive polymers. The most expeditious method of fabri- 
cation is one in which the encapsulant material performs 
the combined function of adhesive, pottant, and outer 
cover. The costs of the encapsulant can be minimized by 
using it as a thin conformal coating. Our evaluation of 
methods by which to process encapsulation systems and the 
screening of candidate materials took those factors into 
consideration. One encapsulation system using silicones 
was identified from this work which provided protection to 
PV cells and survived the JPL qualification tests. This 
encapsulation system uses DOW CORNING as the combined 
adhesive, pottsnt and cover material. The lowest cost 
encapsulation system using Ql-2577 had Super Dorlux as the 
substrate structural member. The overall material cost of 
this encapsulation system is 0.74</ft ? (1980 dollars) 
based on current material prices, which could decrease 
with increased production of Ql-2577. 


TITLE: Final Report. AR Coatings Applied by Acid 

Leaching Process 
AUTHOR: E. Pastlrik 

CORPORATE AUTH: Motorola, Inc. 

DATE: September 1980 

REPORT NO: DOB-JPL 955387-80/3 

AVAILABILITY: NTIS, PC A04/MF A01 

ABSTRACT: The Magicote C process developed by S.M. Thomp- 

sen was evaluated for use in applying an AR coating to the 
cover plates of solar panels. The process uses a flouro- 
silicic acid solution supersaturated with silica at ele- 
vated temperature to selectively attack the surface of 
aoda-lime glass cover plates and alter the physical and 
chemical composition of a thin layer of glass The altered 
glass layer constitutes an AR coating. The process pro- 
duces coatings of excellent optical quality which possess 
outstanding resistance to soiling and staining. The coat- 
ings produced are not resistant to mechanical abrasion and 
are attacked to some extent by glass cleansers. Control 
of the filming process was found to be difficult. 


TITLE: Final Report. Integral Glass Encapsulation for 

Solar Arrays 

CORPORATE AUTH: Spire Corp. 

DATE: July 1981 

REPORT NO: DOE JPL 954521 81/15 

AVAILABILITY: NTIS, PC A05/MF A01 

ABSTRACT: This program has developed the technology of 

elec t roa tat 1 c bonding as an encapsulation technique for 
terrestrial solar arrays. The process produces full 
Integral, hermetic bonds with no adhesives or pottants. 
Demonstration panels of six solar cells on a single glass 
superstrate were produced. Electrostatic bonding was also 
developed as a means of making the cell front contact. A 
metal mesh is trapped into contact with the cell front 
during the bonding process. Demonstration six cell panels 
using the bonded mesh ag the only cell front contract were 
produced. Exploratory development was done on the possl 
billty of using lower cost glass, with a higher thermal 
expansion mismatch to Si, by making lower temperature 
( 250-300°C) bonds. This was shown to require a planar 
surface cell (no front contacts). Demonstration panels of 
twelve 3" round wafers on a 12 x 18" glass sheet were made. 


TITLE: Final Report. Development of Synthetic Procedures 

for Polymer UV Stabilizers and Absorbers 
CORPORATE AUTH: University of Massachusetts 

DATE: December 20, 1982 

REPORT NO: DOE-JPL 955531-82/2 

ABSTRACT: The objective of this work was to devise poly- 

meric materials that are stable enough to use outdoors, in 
excess of 20 yrs, without any changes taking place. Our 
particular objective was to synthesize new and effective 


UV stabilizers for plastic materials, to prepare polymeriz- 
able UV stabilizers, particularly of the 2 ( 2-hydroxyphenyl ) 
2H-benzotr lazole family, to demonstrate their polymeriza- 
tion, copolymerization and grafting onto other polymers, 
to devise new effective UV-stabilizing systems, and to 
aaaist JPL in its evaluation of these materials from the 
photophysical point of view. Unsaturated polyesters were 
copolymerized . 


TITLE: Final Report. Ion Plating of Solar Cell Arrays 

Encapsulation Task 

CORPORATE AUTH: Illinois Tool Works, Inc. 

DATE: April 1983 

REPORT NO: DOE-JPL 955506-83/3 

AVAILABILITY: NTIS, PC A03/MF A01; 1 

ABSTRACT: The objective of the contract was to Initiate, 

Investigate, develop and demonstrate the capability to pro- 
duce operational solar cells having metallization and AR 
coatlnga deposited by gasless ion plating, which will 
separately and/or in combination with a low-cost encapsula 
tlon system, meet the LSA project life, cost and perfor- 
mance goals. The capability to produce operational solar 
cella, both n on p and p on n types, with lon-plated metal- 
lizations has been developed. Further, the ability to 
deposit AR coatings by Ion plating has been demonstrated. 
The performance characteristics of solar cells thus pro- 
duced has been equal to that of control cells finished 
with conventional metallization systems. Additionally, 
SAMICS analyses have shown that such processes can meet 
cost requirements. Although life tests have not been 
performed, corrosion tests, which have been performed, 
imply that solar cells with Ion plated metallization and 
AR coating will be much less susceptible to corrosion of 
the electrodes than will solar cells with conventional 
metallizations and AR coatings. 


TITLE: Final Report. March 23, 1977 to January 31, 1984. 

Study Program for Encapsulation Materials Interface 
AUTHOR: D.H. PCaelble and C.L. Leung 

CORPORATE AUTH: Rockwell International Corp. 

DATE: April 1984 

REPORT NO: DOE-JPL 954739/06 

AVAILABILITY: NTIS, PC A04/MF A01 ; 1 

ABSTRACT: The first annual report (Science Center Report 

No. SC5106.22AR) outlines and implements a physical/ 
chemical evaluation program for solar cell encapsulants . 

The results of computer- control led ultrasonic and optical/ 
ellipsometric mapping for interface defect character! 
zatlon In solar modules are summarized in the second annual 
report ( SC5106 . 49AR) . The development and validation of an 
atmospheric corrosion model and a test plan for LSA outdoor 
service at the Mead, Nebraska, test site are presented in 
the third annual report < SC5 106 . 86AR) . Development of ac 
Impedance as a method of evaluating solar cell and module 
properties and further development of corrosion models are 
summarized in the fourth annual report ( SC5106 104AR > . The 
fifth annual report (SC5106 . 123AR) summarized the develop 
ment of materials selection criteria for encapsulant bond 
integrity, and additional validation of ac impedance met 
hods for detecting early electrical malfunction in solar 
modules. The sixth and final phase of the program, as re 
ported in this document, generates and validates the neces 
sary design and process principles for achieving long term 
IBS of PV encapsulated systems. 


TITLE: Triannual Report. For Period Ending July 31, 

1964. Design, Analysis and Test Verification of 
Advanced Encapsulation Systems 
AUTHOR: N. Hardeslch 

CORPORATE AUTH: Spectrolab, Inc. 

DATE: August 1984 

REPORT NO: DOE-JPL 955567-84/15 

AVAILABILITY: NTIS, PC A02/MF A01 
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ABSTRACT: This program will develop the analytical method 

ology for advanced encapsulation designs . From these 
methods , design sensitivities will be established for the 
development of PV module criteria and the definition of 
needed research tasks. The program consists of four 
phases. In Phase I, analytical models were developed to 
perform optical, thermal, electrical and structural anal- 
yses on candidate encapsulation systems. From these 
analyses, several candidate encapsulation systems were 
selected for qualification testing during Phase II. 
Additionally, during Phase II, test specimens of various 
types were constructed and tested to determine the valid- 
ity of the analysis methodology developed in Phase I. 
During Phase III the following Items will be covered: (1) 

Correction of identified deficiencies and/or discrepancies 
between analytical models developed during Phase T and rel 
evant test data obtained during Phase II of the above con 
tract, (2) Improvement and extension of prediction capabil 
ity of present analytical models, and (3) Generation of 
encapsulation engineering generalities, principles, and 
design aids for PV module design In Phase IV a final 
optimum design based on knowledge gained in Phases I, II 
and III will be developed and delivered to JPL. 


TITLE: Annual Report, 1983. Modeling of Photodegradation 

in Solar Cell Modules of Substrate and Superstate 
Design Made with Ethylene-Vinyl Acetate as Pottant 
Mater \ al 

AUTHOR: A.C. Somersall and J.E. Guillet 

CORPORATE AUTH : The Governing Council of the University 

of Toronto 

DATE: January 2, 1985 

REPORT NO: DOE-JPL 955591 84/11 

ABSTRACT: A computer model has been developed that can 

generate realistic concentrat ion- versus time profiles of 
the chemical species formed during photoox Idat ion of hydro 
carbon polymers. The input data used is a set of elemen- 
tary reactions with corresponding rate constants and 
Initial conditions. The results of computer simulation 
have been shown to be consistent with the general experl 
mental observations of the photoox i dat i on of polyethylene 
exposed to sunlight at ambient temperatures The useful 
lifetime (51 oxidation) of the unstabl 1 1 zed polyethylene 
Is predicted to vary from a few months in hot weather 
(100°F) to almost two year9 in cool weather (45°F) with 
apparent net activation energy of 10 kcal/mol. Modelling 
studies of alternative mechanisms for stabilization of 
clear, amorphous, linear polyethylene suggest that the 
optimum stabilizer would be a molecularly dispersed addl 
t i ve In very low concentration which can trap peroxy rad 
icals and also decompose hydroperoxides. In principle, 
the lifetimes could then be extended over 20 yrs. The 
diffusion of oxygen into the polymer is not rate limiting 
to the photooxidation process but edge seals and imper 
vious covers could preclude any autocataly t i c photo 
oxidation and thereby extend lifetimes very considerably. 


TITLE: Ninth Annual Report. Investigation of Test 

Methods, Material Properties, and Processes for 
Solar Cell Encapsulants 
AUTHOR: P.B. Willis 

CORPORATE AUTH: Sprlngborn Laboratories, Tnc . 

DATE: June 18, 1985 

REPORT NO: DOE-JPL 954527 85/28 

AVAILABILITY: NT1S, PC A06/MF A01 «, 1 

ABSTRACT: To ensure high reliability and long-term per- 

formance, the functional components of the solar cell must 
be adequately protected from the environment by some encap 
su 1 at 1 on technique. The potentially harmful elements to 
module functioning Include moisture, UV radiation, heat 
build-up, thermal excursions, dust, hail, and atmospheric 
pollutants. Additionally, the encapsulation system must 
provide mechanical support for the cells and corrosion 
protection for the electrical components. The encspsula 
tion system is defined as all the construction materials 
required in a module to provide this mechanical support 


and environmental isolation. In addition, the module must 
be based on construction materials and design considera- 
tions that meet the field operating requirements while 
also maximizing the cost performance. The goal of this 
program Is to Identify and develop encapsulation systems 
consistent with the PV-module operating requirements of 
30 yr life and a target cost of $0.70/Wp ($70/m^) 

(1980 dollars). Assuming a module efficiency of 10%, 
which Is equivalent to a power output of 100 W/m ? in 
midday sunlight, the capital cost of the modules may be 
calculated to be $70.00/m z . Out of this cost goal, only 
20% Is available for encapsulation due to the high cost of 
the cells, interconnects, and other related components. 

The encapsulation cost allocation may then be stated as 
$14.00/irr which includes all coatings, pottant and 
mechanical supports for the cells. 


TITLE: Design, Analysis and Test Verification of Advanced 

Encapsulated Systems 
AUTHOR: A . Garcia , III 

CORPORATE AUTH: SPectrolab, Inc. 

DATE: Oct. 31, 1985 (Received Oct. 1986) 

REPORT NO: DOE JPL 955567-85/16 

ABSTRACT: Methods have been developed to aid the PV menu 

facturer in the design of modules which will optimize the 
use of materials and method of manufacture for novel encap 
sulation schemes. Methods are described for using master 
curves to enahkle the design of modules which will with 
stand pressure loading from wind and/or precipitation as 
well as stress produced from diurnal and seasonal thermal 
cycling. Analysis methods using finite element modeling 
are presented to examine maximum electric field concen 
trations dependent on the geometry of cells and interron 
nects. Techniques for determining the operating tempera 
ture and optical efficiency of panels are presented Sev 
eral novel methods of manufacturing modules are described 
Experimental results in the use of conductive polymers In 
PV cells as AR coatings, conductivity enhancers and passi 
vatlon coatings are discussed. 
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TITLE: Preliminary Analyst* of Industrial Growth and the 

Factors that Affect Industrial Growth Rates 
AUTHOR: E. Edelson and T.K. Lee 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1976 

REPORT NO: 5101-14 

ABSTRACT: Research on the experience of growth in Indus- 

tries other than Si solar arrays has been undertaken to 
provide a perspective on the goals established for the U. 

S, Photovoltaic Conversion Program. Comparative informa 
tlon on the growth experienced by other industries will 
provide important research questions that must be addres 
sed if the goals are to be achieved. Presently, this work 
has been conducted at three levels. The first level is 
purely analytical, and applies mathematical equations 
describing exponential growth and linear growth to the 
goals stated for the LSSA Project. In the framework 
established by these equations, the growth rates implied 
by the LSSA goals may be computed. At the second level, 
some interpretation of these rates is provided by comparing 
them to growth rates experienced by other industries. Al- 
though a historical rate of growth is only a superficial 
Indication of an Industry’s development, it does provide a 
first-order indicator of what levels of growth different 
industries have been able to achieve In the past. The use 
of growth rate comparisons does not detract from the im 
portance of examining, in detail, those factors that deter 
mine the rate of growth. The factors presently under con 
slderation are: (1) Level of Industry investment; (?) Gov 
ernment subsidization and incentives; (3) Government regu 
latlon; (4) Competition within the industry and with other 
industries; <5) Market characteristics; and (6) Consumer 
behavior. Because information on these constraints and 
incentives is necessary to understand the observed growth 
rates, the third level of research is a case study on one 
relevant industry to examine what constrains and motivates 
an 1 ndust ry . 


TITLE: The Cost of Energy from Ut l 1 l ty- Owned Solar 

Electric Systems 

AUTHOR: J.W. Doane, R.R. O’Toole, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1976 

REPORT NO: ERDA- JPL 1012 76/3, and 5040 29 

ABSTRACT: This methodology calculates the electric energy 

busbar cost from a utility owned solar electric system. 
This approach Is applicable to both publicly and 
privately- owned utilities. Busbar cost represents the 
minimum price per unit of energy consistent with producing 
system resultant revenues equal to the sum of system 
resultant cost. This equality Is expressed in present 
value terms, where the discount rate used reflects the 
rate of return required on invested capital. Major input 
variables describe the output capabilities and capital 
cost of the energy system, the cash flows required for 
system operation and maintenance, and the financial 
structure and tax environment of the utility. 


TITLE. Interim Price Estimation Guidelines: A Precursor 

and an Adjunct to SAMIS III 
AUTHOR: R.W. Aster and R.G. Chamberlain 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September 1977 

REPORT NO: 5101-33 

ABSTRACT: The problem of estimating the market price of a 

product that is obtainable from an unproven technological 
process Is a very difficult one. Direct costs can be esti- 
mated much more easily. However, If one can then estimate 
the direct requirements for both the process and the 
organization employing the process, then a total cost esti- 
mate is posslhle. If this total cost includes estimates 
of all the production, administration, and financial costs, 
then the result is the minimum price that a firm requires 


to enter the market with that given process. This problem 
faces the LSSA Project, which is charged with the task of 
developing technological processes which meet certain price 
goal*. Accordingly, there have been numerous cost models 
developed by various Project elements. A growing need has 
been recognized for a standard methodology which allows 
(1) relative comparisons of the potential prices attribut 
able to competing processes, and (2) a best possible estl 
mate of the actual price obtainable from a process. SAMIS 
will be a powerful tool for producing accurate comparable 
estimates of the prices implied by sequences of manufactur- 
ing processes. SAMIS will not, however, be available for 
several months, and price estimates are being made now by 
various Project elements. To provide a basis for consls 
tency among these estimates, this document establishes an 
interim standard method to be used throughout the Project 
(except in the Si Material Task, where the Lamar 
University procedure may be better suited than this 
Interim standard method.) 


TITLE: The Penetration of the International Market by 

Domestically Produced PV Power Systems: A Survey 

of Recent Estimates 
AUTHOR: G.H. Ziman and J.L. Smith 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1978 

REPORT NO: 5101-75 

ABSTRACT: Increasing interest in the potential market for 

PV power systems in foreign countries, particularly the 
lesser developed countries, has prompted a review of seve 
ral studies that have attempted to quantify that market. 

The express purpose for this review Is to see if any kind 
of consensus for foreign market size exists among those 
studies, and to judge whether such estimates can reasonably 
be done at all. Various approaches have been tried, each 
with differing degrees of credibility, and a wide range of 
estimates has been produced, thus falling to substantially 
reduce the uncertainty associated with that market. This 
report presents and compares those estimates for the period 
1984-86 from the studies referred to above (References [l], 
(2), (8), and [13]), and a discussion of factors not easily 
quantifiable (both favorable and unfavorable) that will im 
pact PV power systems sales in foreign markets is included 
in Section II. A summary of the report and conclusions 
drawn is presented as Part TIT, and the methods used to 
derive the estimates are discussed in the Appendix. 


TITLE : Product Pricing in the Solar Array Manufacturing 

Industry: An Executive Summary of SAH1CS 

AUTHOR: R.G. Chamberlain 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: 1978 

REPORT NO: DOE- JPL 311.2 486 

AVAILABILITY: NTIS 311,2-486 

ABSTRACT: The SAMICS methodology is quite general - 

application to production line manufacturing outside the 
solar array Industry is expected to require only relatively 
minor augmentation of the data base. This paper is intend 
ed to serve as an executive summary of SAMICS, and contains 
a discussion of capabilities and limitations, a non tech 
nlcal overview of the methodology, and a description of 
the input data which must be collected. It also describes 
the activities that have been and are helng taken to ensure 
validity of the results and contains an up todate biblio- 
graphy of related documents. 


TITLE: Solar Array Manufacturing Industry Costing 

Standards 

AUTHOR: R.G. Chamberlain and R.W. Aster 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 1978 

REPORT NO: 5101-59 

ABSTRACT: The Solar Array Manufacturing Industry Costing 
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Standards are prepared by the LSSA PA&l Area and are in 
tended to provide a standard procedure and data base for 
estimating, from descriptions of the manufacturing pro 
cesses, the price at which solar modules would have to be 
sold to realize a specified after tax rate of return on 
equity. The first few weeks of use SAMICS, along with the 
exercise we performed prior to the Eighth LSSA P1M in 
December, have led to some very penetrating questions. 

The purpose of this document is to answer those questions 
and to clarify and/or establish how to handle the follow 
Ing topics: (1) Elimination of the 42 hour work week; 

(2) Clearer labels on Format A and on Process and Company 
Work Sheets; (3) Relief labor; (4) Partial inspection 
processes; (5) Format A Column A22 amount required per 
batch; (6) Processes that draw power even when not in use; 
(7) Format A Line A6 and Column A26 output rate and 
yield factor; (8) Rework loops; (9) Processes that use 
parts that require processing; (10) More general rework 
loops; (11) General technological loops; (12) Integeriza 
tion of numbers of people and machines; and (13) When to 
burden and when not to burden materials and supplies. 


TITLE: Historical Evidence of Importance to the 

Induatr ial i rat ion of Flat Plate Si PV Systems 
AUTHOR: J.L. Smith, W.R. Cates and T. Lee 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 1978 

REPORT NO: DOE-JPL 1012-78/1, and 5101 54 Vol. I & Vol . II 

AVAILABILITY: NTIS, PC A02/HF A01 

ABSTRACT: This study was prepared by the Project staff on 

two somewhat disjointed subjects: the diffusion of new 

industrial production technologies and the determinants of 
success of previous federally funded demonstration pro 
jects. The research was limited to secondary sources. In 
essence, a literature search on these two subjects was the 
primary aim of the study. That search led, however, to 
some fairly strong conclusions out of which specific recom 
mendations for the future plans and conduct of the Project 
have been derived. It must be emphasized that these recom 
mendations are made only on the basis of the evidence con 
sidered. That is, no attempt has been made here to incor 
porate the myriad other factors which bear significantly 
on the Project (e.g., funding levels or political impera 
tlves). Thus, these recommendations are not Intended as a 
comprehensive set of project management recommendations to 
the PV Program or DOE. They are to be viewed as an input 
Into such a comprehensive set. 

TITLE: The Penetration of the International Market by 

Domestically Produced PV Power Systems: A Survey 

of Recent Estimates 
AUTHOR: G.M. Ziman, and J.L. Smith 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: May 30, 1978 

REPORT NO: 5101-75 

ABSTRACT: Increasing interest In the potential market for 

PV power systems in foreign countries, particularly the 
lesser developed countries, has prompted a review of 
several studies that have attempted to quantify that 
market. The express purpose for this review is to see if 
any king of consensus for foreign market size exists among 
those studies, and to judge whether such estimates can 
reasonably be done at all. 

TITLE: Lifetime Cost and Performance Model for PV Power 

Systems 

AUTHOR: C.S. Borden 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 1978 

REPORT NO: DOE JPL 311.5 305 

AVAILABILITY: NTIS- 31 1 . 5 305 

ABSTRACT: This paper describes the approach and procedures 

of the LCP model for PV power systems The LCP model is 


designed to evaluate the impact of alternative initial 
design and recurrent policy decisions on both cost and 
power output over the lifetime of a PV power plant. LCP 
is useful to system designers and operators for addressing 
questions relating to optimal system configuration. Instal- 
lation activities, level of effort and timing of opera 
t ions/mai ntenance actions, allowable degradation and 
replacement options. 


TITLE: Economic Analysis of a Candidate 50^/W p 

Flat Plate PV Manufacturing Technology 
AUTHOR: R.W. Aster 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 1978 

REPORT NO: DOE JPL 1012 78/17, and 5101 94 

ABSTRACT: The SAMICS methodology was used to analyze the 

first candidate manufacturing sequence that could meet the 
Project's 1986 price goal. That goal represents a reduc- 
tion in PV prices by a factor of a hundred over a 10 yr 
period, from approximately 50$/Wpk in 1975 to SO^/Wpk in 
1986, The results of analysis which has occurred since 
the original presentation of the 5</Wpk candidate factory 
at the 10th Project Integration Meeting are described 
Briefly, if a number of events occur, such as a high cell 
efficiency (141 for this technology), vertical industry 
integration, long periods of amortizing the initial 
capital investment, and full utilization of a large plant, 
then a price of 39.9</Vpk is possible. Non optimal cir 
cumstances will increase this required price, and several 
of these circumstances are addressed. 


TITLE: A Normative Price for a Manufactured Product: The 

SAMICS Methodology. Volume 1: Executive Summary, 
Volume II: Analysis 

AUTHOR: R.G. Chamberlain 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1979 

REPORT NO: DOE JPL 1012-79/5, and 5101 93 

ABSTRACT: SAMICS provides standard formats, data, asaump 

tione, and procedures for determining the price a hypothet 
ical aolar array manufacturer would have to be able to 
obtain in the market to realize a specified after tax rate 
of return on equity for a specified level of production. 
This document presents the methodology and its theoretical 
background. It is contended that the model is sufficiently 
general to be used in any production line manufacturing 
environment. Implementation of this methodology by SAMIS 
Til, Release 1 is discussed. 


TITLE: ESEA Methodology and User’s Guide 

AUTHOR: H.L Slonski 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 1979 

REPORT NO: 5101 102 

ABSTRACT: The ESEA capability is a flexible analytical 

tool which may be used for rank ordering (In terms of cost) 
alternative energy systems. The capability consists of a 
set of three computer programs, all developed around the 
same basic computational structure. The conceptual basis 
of the ESEA capability is described in The Coat of Ener gy 
from Utilit y -Ow ned Solar Electric Systems (JPL 5040 29, 
ERDA/JPL 101 2 76/3) , denoted hereafter as "USES." In 
particular, the ESEA capability utilizes the more flexible 
and generalized computational structure described in 
Appendix E of the USES document which Incorporates a more 
explicit treatment of taxes and depreciation. The ESEA 
program set provides three related but separate capabili 
ties: analysis of a single system, comparative analysis 

of two systems, and graphical representation of both para 
metric and continuous sensitivity analyses on a single 
system, comparative analysis of two systems, and graphical 
representation of both parametric and continuous sensitiv 
ity analyses on a single system. The single system anal 
ysis produces essentially the USES output with expanded 
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documentation. The program produces a printed summary that 
contains inputs, intermediate values, a capital expcndi 
tures table, life-cycle cost, net present value when ap- 
plicable, and the busbar energy cost. The comparative 
analysis contrasts two system; for example, a system which 
utilizes conventional technology and a system which util 
izes a new or alternative technology. For each system the 
program produces a printed summary in the same format as 
the single system analysis. In addition, the primary 
economic differences between the two systems are high 
lighted. The parametric representation provides a graph 
leal presentation of continuous sensitivities on user- 
selected parameters over a selected range of values. In 
addition it optionally provides the single system analysis 
printed summary for the system in the “baseline" state be 
fore any sensitivities are performed. Collectively, the 
ESEA program package offers the analyst considerable flexi- 
bility, such as break- even system and subsystem capital 
costs, break even fuel costs, evaluations of net present 
value and internal rate of return, and sensitivities of 
busbar energy costs to a large variety of factors. 


TITLE: Technical Readiness 1982 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 31, 1979 

REPORT NO: 5101 114 

ABSTRACT: The need to find new methods to economically 

generate enough electrical power to meet future demand 
motivated the establishment of the PV Conversion Program in 
January 1975. The long range Program objectives developed 
are: (1) to develop the technology for low cost PV power 

and (2) to stimulate industry to produce, market, and dls 
tribute PV systems for widespread residential, commercial, 
and governmental use. The LSA Project was established at 
the JPL as part of the government's program. The Project 
goal is to greatly reduce the price of flat plate solar 
arrays by improving manufacturing technology, adapting 
mass production techniques, and promoting user acceptance 
The Project's approach includes the development of improved 
solar array designs and manufacturing technologies, their 
transfer and deployment to commercial practice by industry, 
the evaluation of the economics Involved, and the develop 
ment of the necessary PV supply industry Infra structure 
to ensure establishment of a viable source for solar 
electric energy systems. In October 1977, DOE was formed 
and the LSA Project become part of the solar energy actlvl- 
ties of DOE. The breadth of the Project was expanded to 
include materials other than Si. The Project activities 
have been divided into four phases: technology process 

Identification, process development (including quantity 
scale up), Technical Readiness, and commercial readiness. 

The first two phases have been completed and this document 
presents the plans for achieving Technical Readiness for 
Phase Three by the end of FY82. 


TITLE: Price Allocation Guidelines 

AUTHOR: R.W. Aster 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1980 

REPORT NO: DOE-JPL 1012-47, and 5101 68 Rev. A 

ABSTRACT: The PAGs are an integrated set of specific cost 

targets for several task areas within the LSA Project. 

PAG is a working tool of LSA Project management designed 
to provide consistent and meaningful guidelines for costs 
of polycrystalline Si material, sheet, cells, encapsul 
ants, and module manufacturing. It is expected that ad- 
vanced PV concepts derived from industry and the research 
community can be developed so that it will be possible by 
the end of 1982 to demonstrate production processes, all 
process steps, and prototype equipment required to manu 
facture flat-plate PV modules. This demonstration would 
incorporate production rates and product quality consistent 
with a specific market price determined by the program. 

This stage of development has been referred to as "Tech 
nical Readiness." A goal of J0.70/W p <1980 dollars) has 
been established for the cost of electricity generated by 


PV modules. The processes for producing modules demon 
strated to be technically ready must be amenable to scale 
up so that this price goal can eventually be achieved in 
the marketplace. The guidelines described in this docu 
ment allocate portions of that goal to each module compon 
ent. Sheet materials derived from the following five tech 
no log l e s are considered: Cz, HEM, EFG , dendritic web, and 

SOC. Each type of material provides a unique combination 
of projected Si yield, cell efficiency, and module packing 
efficiency. Also included are tables describing actual in 
flat ion rates form 19 75 to 1979, and projected inflation 
rates to mid 1980. Project goals are now expressed in 1980 
dollars rather than 1975 dollars, and these tables enable 
conversion of dollar amounts from prior years (1974-1980) 
to their 1980 or 1975 equivalents. 


TITLE: Handbook of Solar Energy Data for South Facing 

Surfaces in the United States. Volume I: An 

Insolation, Array Shadowing, and Reflector 
Augmentation Model 
AUTHOR: J.H. Smith 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1980 

REPORT NO: DOE-JPL 1012-25 Vol . 1, and 5101 91 Vol . I 

ABSTRACT: This handbook provides estimates of average 

available solar insolation to fixed, flat plate, south 
facing collector surfaces at various array tilt angles at 
numerous sites in the United States. This first volume 
contains average dally, total insolation estimates, by 
month, and annual totals for 235 locations. The second 
and third volumes contain the daily profiles by hour used 
to compute the dally totals for the 235 locations (at 
selected array tilt angles). A model that estimates the 
direct, diffuse, and reflected components of total insola 
tlon on an hourly, dally, and monthly basis is presented. 

A shadow loss model and a reflector augmentation model pro 
viding estimates of the losses and gains associated with 
various fixed array geometries are also described. These 
models can be used with the insolation model provided or 
with other recorded data. A FORTRAN computer program with 
users guide is presented. The program can be used to gen 
erate additional handbook values or to examine the effects 
of array shadowing and fixed reflector augmentation effects 
on a daily, monthly, or annual basis. Array shadowing de 
pends on location, array size, array tilt, array separa 
t i on , and time. The program can be used to examine trade 
offs between array spacing and insolation losses due to 
shadowing. The reflector augmentation program can be used 
to examine trade offs among array size and tilt, separa 
tlon, and reflector tilt to determine the combination of 
design values that optimize the economic objectives or 
technical criteria of the system. 


TITLE: Handbook of Solar Energy Data for South Facing 

Surfaces in the United States. Volume II: 

Average Hourly and Total Daily Insolation Data for 
235 Localities (Alaska Montana) 

AUTHOR: J.H. Smith 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1980 

REPORT NO: DOE-JPL 1012-25, and 5101-91 

ABSTRACT: No Abstract 


TITLE: Handbook of Solar Energy Data for South Facing 

Surfaces in the United States. Volume III: 

Average Hourly and Total Dally Insolation Data for 
235 Localities (North Carolina Wyoming) 

AUTHOR: J.H. Smith 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: January 1980 

REPORT NO: DOE-JPL-1012 -25 , and 5101 91 

ABSTRACT: Appendix D of the three volume report A Handbook 

of S ola r K ner gy Data for South-Fac 1 n g Sur faces in the 
United States is presented in Volumes II and III. It gives 
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average hourly and daily total insolation estimates for 235 
U.S. sites at a variety of array tilt angles. The reader 
should refer to Volume I for the insolation, array shadow 
Ing, reflector augmentation models, end the computer pro- 
gram used to generate this Appendix. 

TITLE: SAMICS Input Data Preparation 

AUTHOR: R.G. Chamberlain and R.W. Aster 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: April 21, 1980 

REPORT NO: 5101-44, Rev. B 

ABSTRACT: The SAMICS provides standard formats, data, 

assumptions, and procedures for estimating the price that 
a manufacturer would have to charge for the product of a 
specified manufacturing process sequence. This document 
gives a line by line explanation of the standard formats 
that describe the economically important characteristics 
of the manufacturing processes and the technological 
structure of the companies and the industry. This revl 
sion provides an updated description of the data require 
ments of Release 3 of the SAMIS computer program. It also 
presents and describes the Hay 1980 versions of Format A 
Process Description, Format B - Company Description, and 
Format C - Industry Description. 

TITLE: Lifetime Cost and Performance Model for 

Distributed PV Systems 
AUTHOR: C.S. Borden 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 1981 

REPORT NO: 5220 1? 

ABSTRACT: This report summarizes a method that provides 

information on the performance, cost, and value of distrlb 
uted PV systems over their useful lifetime. The LCP Model 
for Distributed PV Systems Is a simulation model that has 
been developed to assist in the evaluation of utility grid 
connected PV power generators that range from small resl 
dential systems to intermediate and large size industrial/ 
commercial applications. Dispersed PV systems that are 
utility grid interactive, but not utility owned, are evalu 
ated because this configuration offers substantial bene 
fits. In particular, non utility owners of qualifying 
energy generation facilities are able to sell electricity 
back to the interconnected utility at the utility's avoided 
cost for energy and capacity as recently allowed by 
Sections 201 and 210 of the Public Utility Regulatory 
Policies Act of 1 9 78 Public, {.aw 95 817 Tn order to evalu 
ate PV technology development and applications, a sequence 
of models has been developed under the guidance of the 
Photovol ta ics Technology Development and Applications Lead 
Center at JPL. LCP ’ s function in this sequence of models 
is to: (l) simulate the energy output, and (21 derive the 

pre tax cash flows (expenditures and revenues) associated 
with dispersed PV systems over a specified lifetime. 

Results are then input into a financial model that 
translates this inf orma t i on , comb ined with additional 
investor and tax related attributes, into various after tax 
financial figures of merit. When used in this manner, LCP 
is able to assist PV system Hrgigners, potential PV invest 
ors, and utility planners who determine cost effective PV 
designs and sizes, estimate energy output over time, inves 
tigate alternative oper a t i ons /ma i n t en a nr e strategies, 
determine the effects of various utility pricing policies 
and interconnection requirements, and evaluate the effects 
of differing levels of customer demand for electricity 
Further, these models provide the tools required by the 
Pho t ovol t a i cs Program for an in depth understanding of 
system design and application alternatives and analysis of 
Program goals. The LCP model for distributed PV systems 
was created subsequent to the development of a model for 
the lifetime cost and performance of utility owned PV 
central power systems. A separate model for non utility 
owned systems has been formulated as dictated by the sig 
ntflcant differences in required assumptions and analytical 
procedures for energy output and ownership factors. Host 
importantly, analysis of utility ownership of PV requires 


the direct evaluation (via utility production costing and 
capacity expansion simulation) of the economic value of PV 
system output. Tn contrast, the LCP model for distributed 
systems employs actual customer purchase and sell back 
rate schedules as set by each utility, which may be re 
garded as an indirect measure of PV system worth. 

TTTLE: A Normative Price for Energy from an Electricity 

Generation System: An Owner Dependent Hethodology 

for Energy Generation (System) Assessment (OMEGA), 
Vol ump I Summary 

AUTHOR: R G Chamberlain (JPL), and K.H. McMasler (Loyola 

Harymount University, I. os Angeles, California 
CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: October 15, 1981 

REPORT NO: DOE ET 20356 5, JPL Pub. No. 81 86, 5220 7 

ABSTRACT: This report presents a generalization and up 
dating of the Ut i 1 i ty- Owned Solar Electric System method 
ology, which is in widespread use throughout the energy 
generation systems analysis community. The major new con 
tributions are these: (1) Relaxation of the ownership 

assumption (2) Removal of the constraint that all systems 
compared must have the same system lifetime. (3) Explicit 
treatment of residual system value at the end of system 
life. (4) Explicit treatment of variations in system per 
formance with time. (5) Explicit treatment of tax incen 
lives , including use of the investment as a tax shelter. 

Tax incentives incorporated include investment tax credits, 
solar tax credits, property tax rates, accelerated depre 
elation, and capital gains. (6) Incorporation of finan 
clal benefits of usable thermal energy, utility buy bark 
(In parallel or simultaneous mode) of excess electricity 
generated, capacity displacement and fuel savings credits, 
and, where appropriate, roof credits. The new present 
value of the system, viewed as an Investment, is deter 
mined by r ons t Hera t i on of All financial benefits and costs 
(including a specified return on investment). Along the 
way, life eyrie costs, life cycle revenues, and residual 
system values are obtained. Break even values of system 
parameters are estimated by setting the net present value 
to zero. While the model was designed for PV generators 
with a possible thermal energy byproduct, its applicability 
is not limited to such systems. The resulting Owner 
dependent Methodology for Energy Generation system 
Assessment (OMEGA) consists of a few equations that can he 
evaluted without, the aid of a high speed computer. This 
report is published in two volumes. Volume I is a seif 
contained summary, and can be thought of as a user’s guide 
to the application of OMEGA. Volume II gives the complete 
der i vat ion . 


TITLE: SAMICS Short Cours® 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 1981 

REPORT NO: 5101 196 

ABSTRACT: This document contains vlewgraphs used in the 

Short Course. 


TTTI.E : Introduction to S1HRANU 

AUTHOR: R.F. Miles, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: March 198? 

REPORT NO: DOE JPL 1012-6R, and 5101 204 

ABSTRACT: S1MRAND is a methodology developed at JPL to 

aid the engineering and management decision process in the 
selection of the optimal set of systems of tasks to be 
funded on a R/*D Project. A R&D project may have a set of 
systems or tasks under consideration for which the total 
cost exceeds Ihe allocated budget. Other factors such as 
personnel and facilities may also enter as constraints. 
Thus the project’s management must select, from among the 
complete set of systems or tasks under consideration, a 
partial set that satisfies all project constraints The 
S1MPAND methodology uses analytical techniques of proha 
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blllty theory, decision analysis of management science, 
and computer simulation, Ir, the selection of this optimal 
partial set. The SIHRAND methodology Is truly a manage 
went tool. It initially specifies the information that 
must be generated by the engineers -thus providing inform- 
ation for the management direction of the engineers- and 
It ranks the alternatives according to the preferences of 
the decision makers. The decision makers could be either 
the project's management, the funding agency, or the end 
users . 


TITLE : The SIHRAND Methodology: SIMulatlon of Research 

ANd Development Projects 
AUTHOR: R.F. Miles, Jr. 

CORPORATE AUTH : Jet Propulsion Laboratory 

DATE: July 1, 198? 

REPORT NO: JPL 5101-213 

ABSTRACT: SIHRAND Is a methodology for aiding the manage 

ment decision process in the selection of the optimal set 
of systems or tasks to be funded on a research and develop- 
ment project. The SIHRAND methodology models the decision 
process by means of alternative networks that represent the 
feasible subsets of systems or tasks that are to be consld 
ered. Each path through an alternative network represents 
one way of satisfying the project goals. Equations are 
developed that relate the system or task variables to the 
measure of preference. Uncertainty is incorporated by 
treating the variables of the equations probabilistically 
as random variables, with cumulative distribution functions 
assessed by technical experts. Analytical techniques of 
probability theory are used to reduce the complexity of the 
alternative networks. Cardinal utility functions over the 
measure of preference are assessed for the decision makers. 
A SIHRAND computer program is run, which combines in a 
Monte Carlo simulation model, the network structure, the 
equations, the cumulative distribution functions, and the 
utility functions. Repeated runs of the SIMRAND computer 
program are made for each of the alternative networks to 
determine the optimal subset of systems of tasks. 


TITLE: Lifetime Cost and Performance Model 

AUTHOR: M.C. Davisson, C.S. Borden, et al . 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 15, 1983 

REPORT NO: 5220-20, JPL D 944 

ABSTRACT: The LCP Model is a simulation program capable 

of modeling the lifetime performance of a PV array. The 
product of the LCP simulation Is the electricity output, 
and cost and revenue streams from the systems operation. 
LCP calculation of system energy output is based on the 
systems electrical design, hourly weather conditions, and 
long term variations in power output. Simulating the 
system's performance on an hourly basis makes It possible 
to calculate revenues under a time of day or a block rate 
schedule. This document Is a practical guide to develop 
ing inputs for case studies and for program use. The 
general procedures for running the computer program, 
written in RASIC, are discussed. The document also 
includes a sample implementation of the program. 


TITLE: Funding of Redundant R&D Tasks With Probabilistic 

Outcomes 

AUTHOR: J.F. Bard 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: September l, 1983 

REPORT NO: JPL D 935, and 5101-240 

ABSTRACT: A principal aspect of R&D management includes 

decisions of both task selection and resource allocation. 
Because individual task outcomes and cumulative project 
performance can never be predicted exactly, any attempt at 
a rigorous analysis must first confront the inherent uncer 
tainties in the system. This paper specifically addresses 
the problem of funding redundant R&D tasks across several 
stages or parts of a project. Tnstead of simply defining 


a probability of success for each task and treating each 
stage separately, a stochastic network Is proposed which 
takes Into account the algebraic complexity of individual 
tasks as well as the Interstage dependencies. Using the 
overall utility of the project outcome as the basic 
performance measure, the problem is first formulated as an 
integer program and then simplified to gain insight into 
possible solution techniques. Subsequently, an algo 
rithm combining dynamic programming and simulation is 
developed to provide a near- opt imal Investment plan. Its 
computational implications and effectiveness are demon 
strated by way of examples. 


TITLE: A Probabilistic Analysis of Silicon Cost 

AUTHOR: L.J. Reiter 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: November 15, 1983 

REPORT NO: DOE JPL 1012 93, JPL Pub. 84-94, 5101 246 

AVAILABILITY: NTIS, PC A02/HF A01 

ABSTRACT: Si materials costs represent both a cost driver 

and an area where improvement can be made in the manufac 
ture of PV modules. This study analyzes the costs of three 
processes for the production of low cost Si being developed 
under the DOE National PV Program. The approach is based 
on probabilistic inputs and makes use of two models devel 
oped at JPL: S1MRAND and IPEG. The approach, assumptions, 

and limitations are detailed in the study along with a ver 
ificatlon of the cost analyses methodology. The results 
are presented in the form of cumulative probability dts 
tributions for Si cost. These results indicate that there 
is 55% chance of reaching the DOE target of $L6/kg for Si 
material. This is a technically achievable cost based on 
expert forecasts of the results of ongoing research and de 
velopment and do not imply any market prices for a given 
year . 


TITLE: Summary of Photovoltaic System Performance Models 

AUTHOR: J.H. Smith, and L.J. Reiter 

CORPORATE AUTH : Jet Propulsion Laboratory 

DATE: January 15, 1984 

REPORT NO: DOE ET 20356 11, JPL Pub. No. 84-8, 5220 22 

ABSTRACT: The purpose of this study is to provide a 

detailed overview of PV performance modeling capabilities 
that have been developed during recent years for analyzing 
PV system and component design and policy Issues. A set 
of 10 performance models have been selected which span a 
representative range of capabilities from generalized 
first-order calculations to high specialized electrical 
network simulations. A set of performance modeling topics 
and characteristics is defined and used to examine some of 
the major Issues associated with PV performance modeling. 
Next, each of the models is described in the context of 
these topics and characteristics to assess Its purpose, 
approach, and level of detail. Then each of the issues is 
discussed in terms of the range of model capabilities 
available and summarized in tabular form for quick refer 
ence. Finally, the models are grouped into categories to 
Illustrate their purposes end perspectives. 


TITLE : Sensitivles of Projected 1990 Photovoltaic System 

Costs to Major System Cost Drivers 
AUTHOR: L.W. Zimmerman, and J.L. Smith 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 15, 1984 

REPORT NO: DOE ET 20356 20, JPL Pub. No. 84 93, 5220 28 

ABSTRACT: Thia report examines the sensitivity of pro 

jected 1990 PV system costs to major system cost drivers, 
including <1) module costs and module efficiencies, (?) 
area-related balance of - sys tem costs, (3) inverter costs 
and efficiencies, and (4) module marketing and distribu 
lion markups and system integration fees. The report 
reviews recent PV system cost experiences, illustrating 
the high costs of electricity from the systems. Based on 
a review of selected PV engineering literature, 1990 
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system costs *re then projected for five classes of PV 
systems, including four ground mounted 5 WW p systems and 
one residential 5 kW p system. System cost projections 
are derived by first projecting costs and efficiencies for 
all subsystems and components. Sensitivity analyses reveal 
that reductions in module cost (including marketing mark 
ups) and engineering and system integration fees seem to 
have the greatest potential for contributing to system 
cost reduction. Although module cost i9 clearly the prime 
candidate for fruitful PV research and development actlv 
itles, engineering and system integration fees seem to be 
more amenable to reduction through appropriate choice of 
system size and market strategy. Inverter costs are not 
as significant to total system costs as are other cost 
categories. But increases In inverter as well as module 
efficiency yield significant benefits, especially for 
systems with high area related costs. 


TITLE: Relative Potentials of Concentrating and Two Axis 

Tracking Flat Plate Photovoltaic Arrays for 
Central Station Applications. Issue Study 
AUTHOR: C.S. Borden, and D.L. Schwartz 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 31, 1984 

REPORT NO: DOE ET 20356 72, JPL Pub. No. 85-16, 5230 15 

ABSTRACT: The purpose of this study is to assess the rela 

tive economic potentials of concentrating and two avis 
tracking flat-plate PV arrays for central station applies 
tions in the mld-1990's. Specific objectives of this study 
are to provide Information on concentrator PV collector 
probabilistic price and efficiency levels to Illustrate 
critical areas of R&D for concentrator cells and collec 
tors, and to compare conrontralor and flat plate PV price 
and efficiency alternatives for several locations, based 
on their implied costs of energy. To deal with the un 
certainties surrounding research and development activities 
In general, a probabilistic assessment of commercially 
achievable concentrator PV collector efficiencies and 
prices (at the factory loading dock) is performed. The 
results of this projection of concentrator PV technology 
are then compared with a previous flat plate module price 
analysis (performed early in 1983). To focus this analysis 
on specific collector alternatives and their implied energy 
costs for different locations, similar two axis tcacking 
designs are assumed for both concentrator and flat plate 
options. The results of this study provide the first 
comprehensive assessment of PV concentrator collector 
manufacturing costs in combination with those of flat plate 
modules, both projected to their commercial potentials in 
the mid 1990 ' s . 


TITLE: CELLOPT: A Grid Optimization Design Program for 

PV Cells 

AUTHOR: RE. Daniel and T.S. Lee 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: June 15, 1985 

REPORT NO: JPL D 2330, and 5101-266 

ABSTRACT: CELLOPT Is an interactive optimization program 

written In APL to run on the UN1VAC 1100/81 computer. It 
can assist a PV solar cell engineer in the design of the 
current collecting grid pattern used on solar cells. 
CELLOPT analyzes the parasitic resistance losses and 
shadow loss associated with the metallized grid pattern on 
both round and rectangular solar cells. It is assumed 
that the round cell has one or two bus bars; the rectan 
gular cell can have any number. The fine grid lines are 
assumed to be perpendicular to the bus bars. CELLOPT cal 
culate 9 the dimensions of the chosen design variable to 
optimize the grid design. Thus, it will design a grid 
with minimum power loss. The designer has the option of 
choosing any two or all three of the following design var 
iahles to optimize his grid design: busbar width, grid 

line width and grid line spacing. The designer also has 
the option of having the bus bar of the same metal and 
thickness as the grid lines, or having the bus bar with a 
"strap 1 *; i.e , with thicker metallization or a metallic 


ribbon. As with most optimization routines, a 
initial estimate of the solution ia required, 
a subroutine that allows the user to "bracket" 
tlon variables, and it calculates a best first 
eliminating false starts. 


reasonable 
CELLOPT has 
the solu 
guess, thus 


TITLE: SAHICS: Cost Account Catalog, Version 5 

AUTHOR: L.J. Reiter, et al . 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: July 15, 1985 

REPORT NO: JPL D 2491, and 5101 273 

ABSTRACT: Th 1 9 revision of the SAHICS Cost Account Cata 

log was done for release in conjunction with the SAMICS PC 
computer program. The main focus of this effort was to 
bring cost and inflation data up to date. Not every item 
in the catalog was adjusted. Priority first was given to 
those costs that have major impact on the final product 
coat, and second to those Items that are most often used 
in SAHICS runs. The inflation rates, however, have been 
adjusted on all of the items in the catalog A general 
baseline inflation rate of 5^ has been used throughout the 
catalog, with certain specific items given different rates 
as appropriate. Certain commodities In the catalog are 
meant to be input directly as solar values (eg., item 
El 2568 , Expendable Tools). It is crucial to the accuracy 
of the results that the user bear the base year in mind 
when making cost inputs. In the past the base year for 
all dollar inputs was 1975. This has been changed to 
1982. Adjustments will be necessary if the user does not 
have data in 198? dollars for these Inputs 


TITLE: A Sensitivity Analysis of Central Station Flat 

Plate PV Systems and Implications for National PV 
Program Planning 
AUTHOR: H.R. Crosetti, et al. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: August 30, 1985 

REPORT NO: DOE JPL 1012 114, JPL Pub. 85 92, 5101 265 

ABSTRACT: The purpose of this study is to explore the 

sensitivity of the National PV Research Program goals to 
changes in individual PV system parameters. Using the 
relationship between lifetime cost and system performance 
parameters, tests were made to see how overall PV system 
energy costs are affected by changes in the goals set for 
module cost and efficiency, system component costs and 
efficiencies, operation and maintenance costs, and indi 
rect costs. The results are presented in tables and fig 
ures for easy reference. An analysis is made of the 
effects of regional differences in competing energy costs 
and solar insolation levels on the competitiveness of PV 
systems. The sensitivity of competing energy costs (coal, 
combustion turbine, and combined cycle oil fired genera 
tors) to escalation rates for capital and fuel are ex 
plored Alternative tracking configurations (fixed, one 
axis, and two axis tracking) are also introduced into the 
sensitivity analysis. Goal values for PV systems param 
eters were reviewed on the basis of the most recent 
research findings. Sensitivity tests were made to see how 
research progress in areas such as power related balance 
of- system cost affected the combinations of module cost 
and module efficiency that meet program goals for system 
energy costs . 


TITLE: Standard Assembly Line Hanuf actur ing Industry Simu 

1 at i on (SAMIS) PC User’s Guide, SAMIS Release 6.0 
AUTHOR: S C. Zendejas. R.C Chamberlain, and R E. Daniel 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: December 1985 

REPORT NO: 5101 285, JPL D 2991 


ABSTRACT: All versions of the SAMIS program contained in 

this package (SAMIS, SAMPEG, and IPEG) produce estimates 
of the price a manufacturer would have to receive for its 
product to recover all of the costs of production and make 
a specified profit. The SAM LS version provides the most 
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detailed analysis of production costs. A hypothetical 
factory, based on a detailed set of manufacturing process 
descriptions provided by the user. Is "built.'* To 
simulate the facility's performance, an appropriate 
workforce Is determined which consists of a complete 
staff, including administrators and managers. The cost of 
labor along with materials, building space and utilities 
are taken from a supporting cost account catalog which can 
be augmented by the user to support any particular study. 

A detailed financial model is applied to determine the 
annual costs of operation including depreciation, 
insurance, taxes, annual costs of operation, including 
depreciation, insurance, taxes, amortization of startup 
costs, and so on. Because the SAMIS model is so detailed, 
a run can be expected to take a few hours. After the 
computations have been completed, an extensive set of 
output reports, including year by year financial reports 
for the hypothetical company, is available. SAMPEG is a 
simplified version of SAMIS which has become the usual way 
to run the program. It takes only a few minutes to run, 
but the reports available are significantly less 
detailed. They consist of a summary cost estimate for the 
hypothetical company and each of its manufacturing 
processes. IPEG, which can be accessed after choosing to 
START SAMIS, provides for rapid sensitivity studies of the 
effects of financial parameters. Price estimates 
calculated with either SAMPEG or 1PRG will approximate a 
SAMIS estimate. SAMPEG combines the data manager (editor) 
and manufacturing process sequencing algorithm from SAMIS 
with the factory construction, staffing approximations and 
financial submodels of IPEG, IPEG uses overhead factors 
to convert direct Input costs to total costs. It provides 
for rapid sensitivity studies of the effects of financial 
parameters on the cost estimates . The purpose of this 
document Is to provide you with a stand alone description 
of everything you need to know to use SAMIS PC. 


TITLE: The STMRAND 1 Computer Program 

AUTHOR: R.F. Miles, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 15, 1986 

REPORT NO: DOE-JPL 1012-115, JPL Pub. 85-96, 5101 274 

ABSTRACT: SIHRAND Is a methodology for the selection of 

the optimal subset of systems or tasks to be implemented 
on a R&D project. The SIMRAND methodology models the 
alternative subsets of systems or tasks under consideration 
with alternative networks. Each path through an alterna 
tlve network represents one way of satisfying the Project 
goals. Equations are developed that relate the system or 
task variables to the measure of preference. Uncertainty 
Is Incorporated by treating the variables of the equations 
probabilistically as random variables, with associated 
cumulative distribution functions Cardinal utility func 
tions are assessed over the measure of preference. The 
SIMRAND I Computer Program Is run for each alternative 
network, incorporating the network structure, the equa 
tions, the cumulative distribution functions, and the 
utility functions in a Monte Carlo simulation model. The 
alternative network yielding the most preferred value for 
the measure of preference, or the highest utility function 
value, is the optimal network This Report documents the 
SIMRAND 1 Computer Program (Version 5.0 x 03) written in 
Microsoft FORTRAN for the TBM PC microcomputer and its com 
patibles. The SIMRAND 1 Computer Program comprises eleven 
modules a main routine and ten subroutines. Two addition 
al files are used at compile time, one inserts the system 
or task equations into the source code, while the other 
inserts the dimension statements and common blocks. The 
STMRAND I Computer Program can be run on most mirrocom 
puters or mainframe computers with only minor modifications 
to the computer code. 


TITLE: The RANDOM Computer Program 

AUTHOR: R.F. Miles, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 15, 1986 

REPORT NO: DOE JPL 1012-116, JPL Pub. 85 97, 5101 275 


ABSTRACT: The RANDOM Computer Program is a FORTRAN program 

for generating random number sequences and testing LCGs . 
This document discusses the linear congruential form of a 
random number generator, and describes how to select the 
parameters of an LOG for a microcomputer. This document 
describes the following: the RANDOM Computer Program; 
RANDOM. MOD, the computer code needed to implement an LCG 
in a FORTRAN program; and The RANCYCLE and the ARITH Com 
puter Programs that provide computational assistance In 
the selection of parameters for an LCG. The RANDOM, 
RANCYCLE, and ARITH Computer Programs are written in 
Microsoft FORTRAN for the IBM PC microcomputer And its 
compatibles. With only minor modifications, thp RANDOM 
Computer Program and its LCG can be run on most micro 
computers or mainframe computers. 


TITLE: The SIMRAND Methodology 

AUTHOR: R.F. Miles, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: February 15, 1986 

REPORT NO: DOE-JPL 1012 117, JPL Pub. 85 98, 5101 277 

ABSTRACT: A R&D project often Involves a number of decl 

sionB that must be made concerning which subset of systems 
or tasks are to be undertaken to achieve the goal of the 
R&D Project. To help in thi9 decision making, SIMRAND is 
• methodology for the selection of the optimal subset of 
systems or tasks to be undertaken on an R&D Project. Using 
alternative networks, the SIMRAND methodology models the 
alternative subsets of systems or tasks under considers 
tion. Each path through an alternative network represents 
one way of satisfying the project goals. Equations are 
developed that relate the system or task variables to the 
measure of preference. Uncertainty is incorporated by 
treating the variables of the equations probabilistically 
as random variables, with cumulative distribution functions 
assessed by technical experts. Analytical techniques of 
probability theory are used to reduce the complexity of 
the alternative networks. Cardinal utility functions over 
the measure of preference are assessed for the decision 
makers. A run of the STMRAND Computer I Program combines, 
in the Monte Carlo simulat ion model, the network structure, 
the equations, the cumulative distribution functions, and 
the utility functions. Repeated runs of the STMRAND 1 
Computer Program are made for each of the alternative not 
works to determine the optimal subset of systems of tasks. 
The SIMRAND methodology has been used by JPL, SERI, and 
DOE for the evaluation of solar energy R&D projects 

TITLE: SAMICS Abridged Cost Account Catalog, Rev. 1 

AUTHOR: R.W. Aster, R.G, Chamberlain, and B.L. Jackson 

CORPORATE AUTH: Jet Propulsion Laboratory 

DATE: July 10, 1986 

REPORT NO: DOE JPL 5101 299, JPL D 3491 

ABSTRACT: The Abridged Cost Account Catalog supports 

SAMICS users with a list of expense items that are 
commonly used 89 direct Inputs by manufacturing 
processes. The direct inputs are used in the preparation 
of Format A manufacturing process descriptions. Format As 
are used to run the SAMIS computer program or the IPEG 
model when developing production cost estimates. Direct 
Inputs for the abridged catalog were taken from Version 5 
of the complete SAMICS Cost Account Catalog which was 
updated and revised on July 15, 1985. The catalog 
contains a complete, alphabetized list of facilities, 
personnel, utilities, byproducts, effluents, and 
commodities which has been developed over the years in 
support of SAMICS users. The abridged catalog is like the 
complete catalog except that items which serve only as 
indirect requirements for mantif ac tur i ng processes are 
excluded from the abridged catalog. Nevertheless, users 
of the SAMIS computer program will find that tae indirect 
cost elements are automatically accounted for. Users of 
the SAMIS computer program have a complete cost account 
catalog available Including indirect requirements. 
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PROJECT ANALYSIS AND INTEGRATION CONTRACTOR ABSTRACTS 


TITLE: A Critical Review of SAMICS 

CORPORATE AUTH: Theodore Barry & Associates 

DATE: July 1977 

REPORT NO: DOE-JPL 954BOO-77/1 

ABSTRACT : This report documents the findings, analysis, 

and recommendations of the SANICS critique. The SANICS 
model is designed to compare the cost of producing solar 
arrays using alternative manufacturing processes. The cri- 
tique focuses on three main elements of the SAMICS proce- 
dure: 1) Workbook format and presentation, 2) Theoretical 

model validity, and 3) Standard financial parameters. The 
SANICS model is an excellent mathematical formulation; how- 
ever the workbook presentation Is too theoretical for a 
practical application procedure. 


TITLE: SANICS Support Study: Cost Account Catalog 

CORPORATE AUTH: Theodore Barry & Associates 

DATE: September 1977 

REPORT NO: DOE-JPL 954800 77/2.1 

ABSTRACT: A standardized costing procedure has been de- 

veloped to assist JPL In examining the feasibility of new 
industry to produce PV solar energy collectors similar to 
those used on spacecraft. The name of the costing pro- 
cedure is SANICS. Volume I contains a description of the 
cost account structure and the cost account catalog. 

Volume II presents several submodel analyses, including 
the indirect requirements relationships, facilities capl 
tal cost estimating one time costs. Volume III contains 
conceptual plant designs and the corresponding manufactur- 
ing price estimates for three alternative levels of solar 
array production: .5, 15, 500 MW of peak capacity/yr. 


TITLE: SANICS Cost Account Catalog 

CORPORATE AUTH: Theodore Barry & Associates 

DATE: April 1978 

REPORT NO: DOE-JPL 954909-78/1 

ABSTRACT: The Cost Account Catalog contains a list of all 

items that may be required directly or indirectly, by a 
solar array manufacturing firm. The list Includes a cata- 
log number, a name, and a unit of measure for each item. 
Where appropriate, it also provides price information 
(price year, inflation rate, and either a price or a price 
versus quantity table). The catalog expense items are or- 
ganized into 6 accounts: (1) facilities parameters, 

(2) personnel, (3) utilities and plant services, (4) by 
products, (5) commodities, and (6) resources. 


TITLE: SANICS Narketlng & Distribution Nodel 

CORPORATE AUTH: Theodore Barry & Associates 

DATE: April 1978 

REPORT NO: DOE JPL 954909 78/2 

ABSTRACT: This report presents a model for computing 

marketing and distribution costs. This marketing and 
distribution model Is a simplification Intended to 
recognize the added costs of marketing and transporting 
the solar arrays from the factory to the customer. The 
model covers selling, transportation, and storage costs in 
transit from the loading dock to the point of use. 


TITLE: Industrialization Study 

CORPORATE AUTH: Gnostic Concepts, Inc. 

DATE: September 1978 

REPORT NO: DOE-JPL 954899-78/3 

ABSTRACT: Information concerning the investment process 

within the US Industry was collected. Emphasis was placed 
upon characterizing the critical elements In major high- 
risk investment decisions by industry. The relationship 
between these critical elements was interpreted as to how 
they influence the Investment decision outcome. The re- 
sults of this analysis found wide differences between com- 
panies in the manner in which evaluation criteria are 
applied. Even within similar industrial sectors, totally 
different behavior patterns were observed. Notlvation was 
determined to be the greatest single force to induce a 
company to invest In a high-risk venture. The higher the 
motivation, both financial and personal, the greater the 
risk a company is prepared to accept in a new Investment. 
The effect of government actions upon these motivations 
and the degree of risk acceptance by industry is discussed 
on a qualitative as well as a quantitative basis. The 
relative impact of alternative government programs and 
policies upon Industry motivations, with Its resulting 
impact upon PV industrialization. Is assessed. This 
assessment is based upon field interviews with a cross- 
aectlon of industry decision-makers to solicit their 
attitudes toward alternative government programs and 
policies. The government alternatives have been ranked on 
tha basis of their ease of implementation and their pro- 
bable Impact. A conwnentary Is included on the recommended 
sequence in which these government policies should be ap 
plied to maximize the industrialization of the PV venture. 


TITLE: Industrialization Study 

CORPORATE AUTH: Gnostic Concepts, Inc. 

DATE: January 1979 

REPORT NO: DOE-JPL 954899-78/6 


ABSTRACT: Areas covered In this report include the techni- 

cal assessments of selected advanced technologies. Infor- 
mation collected was in the area of manufacturing process 
steps and their implications on cell performance, along 
with present and future expected performance character 
istic. A summary of the technical and manufacturing bar- 
riers and a summary of other Influences Is provided. A 
comparative assessment of the advanced technology bases 
was also constructed. It consists of comparing each of 
the advanced technologies to the present-day single 
crystal Si wafer technology that dominates commercial 
activities today and a comparison of the advanced technol 
ogles to each other. From this was extracted those tech 
nologies of Industrialization efforts. A rank ordering of 
the advanced technologies is provided. The various ranking 
schemes were based upon present day efficiency levels, 
their stabtlity and long-term reliability prospects, mater- 
ial production level, and associated variable costs A 
final selection was made of those advanced PV technologies 
that have a high potential for industrialization prospects 
and an estimate of the timing of the possible readiness of 
these advanced technologies for technology development pro 
grams and industrialization. 


TITLE: Final Report. SANICS Support Study, Phase III 

CORPORATE AUTH: Theodore Barry & Associates 

DATE: April 1979 

REPORT NO: DOE JPL 955123-79/1 


TITLE: Lifetime Cost and Performance Nodel Support Study 

CORPORATE AUTH: Theodore Barry & Associates 

DATE: September 1978 

REPORT NO: DOE-JPL 955161-78/01 

ABSTRACT: This report represents the first definitive 

work that details PV central power plant installation, 
operation, and maintenance activities, thus avoiding the 
necessity to appeal to "rules of thumb” derived from 
experience with other types of power plants. 


ABSTRACT: Thla is a review and validation of the SAMICS 

model. The purposes for this review were the following: 

a) To test the computational validity of the computer 
model by comparison with preliminary TB&A hand calcula- 
tions based on conventional cost estimating techniques; 

b) To review and Improve the accuracy of the cost relation- 
ships being used by the model; and c) To provide an inde 
pendent verification to users of the model's value in de 
clslon making for allocation of research and development 
funds and for investment in manufacturing capacity. This 
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report provides the basis for our conclusions. It also 
contains recommendations for increasing the usefulness of 
SAMICS. The purpose of SAMICS is to provide a consistent 
basis for estimating array costs and comparing production 
technology costs. The user of SAMICS provides detailed 
process information for calculating direct cost. To these 
are added indirect and overhead expenses. Although docu 
mentation of direct processes requires a significant init- 
ial effort, the process gives SAMICS its primary strength. 

A complete accounting of direct process resource require 
ments establishes an audit trail that will help to monitor 
the realism of assumptions before production and to later 
identify variations from forecasted operating parameters 
after production begins. SAHICS will be valuable to the 
LSA Project In monitoring program objectives. It inte 
grates all the production processes involved in module 
manufacturing. Thus, technology transfer from task to 
task and to manufacturers under contract, followed by 
audits of operations, should help JPL’s decision makers to 
allocate research funds more effectively to the lowest 
cost technologies. Some limitations of SAMICS should be 
noted. There are three components of profit that the 
model calculates. The first is the conventional profit 
after tax In the accounting sense. The other two are 
amortized one-time costs and return on equity. Output for- 
mats should Indicate that all three of these are returns 
on the capital Investment. The SAMICS model calculates 
annual operating expense based on a steady state condition 
following a number of years of operation. In addition to 
these steady state operating costs, initial start-up costs 
are computed and amortized over the economic life of the 
facilities. The user should be aware of the difference 
that the two lifetimes may have on product price. 
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TITLE: Evaluation of Silicon Ribbon Material for Solar 

Cell Fabrication 

AUTHOR: M. Lelpold, R. Stlrn, J. Zoutendyk, and 

R. DeAngel 1 s 

CORPORATE AUTH: Jet Propulsion Laboratory; University of 

Kentucky, Lexington, Kentucky 
MEETING LOCATION: 11th IEEE Photovoltaic Specialists 

Conference, Scottsdale, Arizona, Hay 
6-8, 19/5, Conference Record. 

(A76-14727 04-44) New York, 1975, 
p. 290-298 

ABSTRACT: Optical microscopy, electron microscopy, and 

i-ray diffraction were utilized to characterize Si ribbon 
structure. Complex twin formation was observed in nearly 
all ribbons examined. Twins formed in the 110-plane 112- 
line ribbon orientation appear stable, and this orientation 
may be preferable when the ribbon Is utilized for solar 
cells. In addition to twinning, grain boundaries and other 
structural defects were observed In the ribbon material. 
Hall effect, resistivity, spreading resistance, surface 
photovoltage, and solar cell electrical /opt leal measure 
ments were performed on ribbon samples and correlated with 
structural and ribbon growth characteristics. Only those 
ribbon samples with either single crystal structure or with 
parallel twin formations were capable of solar cell perfor- 
mance approaching that of Cz material. 


TITLE: EFG Silicon Ribbon Solar Cells 

AUTHOR: K.V. Ravi, H.B. Serreze, HE. Bates, 

AD. Morrison, D.N. Jewett, and J.C.T. Ho 
CORPORATE AUTH: Mobil Tyco Solar Energy Corp. , Waltham, 

Massachusetts 

MEETING LOCATION: 11th IEEE Photovoltaic Specialists 

Conference, Scottsdale, Arizona, Hay 
6-8, 1975, Conference Record. 

(A76 14727 04-44) New York, 1975, 
p. 280-289 

ABSTRACT: The growth and characteristics of EFG Si ribbons 

are discussed. Factors involved in the growth of contlnu 
ous lengths of 1 in. wide ribbons are examined. The struc- 
tural and electrical characteristics of the ribbons have 
been Btudled and the results are presented. Solar cells 
have been fabricated using the ribbon crystals and typical 
AMO efficiencies of 6 to 10% have been realized. 


TITLE: Grain Boundary and Impurity Effects in Low Cost 

Silicon Solar Cells 
AUTHOR: S.I. Soclof and P.A. lies 

CORPORATE AUTH: Optical Coating Laboratory, Inc., City of 

Industry, California 

MEETING LOCATION: llth IEEE Photovoltaic Specialists 

Conference, Scottsdale, Arizona, May 
6-8, 1975, Conference Record. 

(A76 14727 04-44) New York, 1975, 
p. 56-61 

ABSTRACT: Low-cost approaches to solar-cell manufacture 

probably require the uae of Si with reduced crystalline 
perfection and higher concentrations of impurities. This 
paper describes experimental work to evaluate the separate 
effects of grain boundaries and high Impurity concentra- 
tions on PV performance. Theoretical estimates are pre 
sented to Indicate the conversion efficiency expected for 
Si solar cells if reasonable control of both the grain 
size and impurity levels can be achieved. 


TITLE: Dendritic Web - A Viable Material for Silicon 

Solar Cells 

AUTHOR: R.G. Seidenst leker , L. Scudder, and 

H.W. Brandhorst, Jr. 

CORPORATE AUTH: Westinghouse Research Laboratories, 

Pittsburgh, Pennsylvania; NASA Lewis 
Research Center, Cleveland, Ohio 


MEETING LOCATION: llth IEEE Photovoltaic Specialists 

Conference, Scottsdale, Arizona, May 
6-8, 1975, Conference Record. 

( A76-14 72 7 04-44 ) New York, 1975 , 
p. 299-302 

ABSTRACT: The dendritic web process is a technique for 

growing thln-silicon ribbon from liquid Si. The material 
is suitable for solar cell fabrication and, In fact, cells 
fabrication on web material are equivalent in performance 
to cells fabricated on Cz-grown material. A recently con- 
cluded study has delineated the thermal requirements for 
Si web crucibles, and a detailed conceptual design has been 
developed for a laboratory growth apparatus. 


TITLE: Electron and Proton Damage Coefficients in 

Low-Resistivity Silicon 
AUTHOR: J.R. Srour, S. Othmer, and K.Y. Chiu 

CORPORATE AUTH: Northrop Research and Technology Center, 

Hawthorne, California 

PUBLICATION: (Institute of Electrical and Electronics 

Engineers, Annual Conference on Nuclear and 
Space Radiation Effects, 12th, Areata, 
California, July 14-17, 1975.) IEEE 
Transactions on Nuclear Science, vol . ns- 22, 
Dec. 1975, p. 2656-266 

ABSTRACT: The electron and proton damage coefficients for 

low resistivity p-type boron-doped Si were determined from 
minority-carrier lifetime measurements on bulk material and 
diffusion length measurements on solar cells. The bulk 
samples were irradiated with electrons at three energy 
levels (0.5, 1.5, and 2.5 MeV) using a Dynamltron. Life 
time measurements were made with a steady-state photocon- 
ductivity apparatus, and comparison measurements of diffu 
sion length were obtained using the steady- state surface 
photovoltage method (Goodman, 1961). The diffusion length 
damage coefficients increased with decreasing resistivity 
for boron-doped Si; this dependence can be qualitatively 
accounted for using a two- level Hall Shockley Read model. 
The damage coefficients for solar cells were larger than 
for their bulk-material counterparts. The damage coef 
flc lent was apparently independent of the dislocation 
density In the 0.1 ohm- cm bulk samples and solar cells 
1 nvest l gated . 


TITLE: The Silicon Ribbon Solar Cell 

AUTHOR: K.V. Ravi and A. I. Mlavsky 

CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusetts 

MEETING LOCATION: Heliotechnique and Development; 

Proceedings of the International 
Conference, Dhahran, Saudi Arabia. 
November 2-6, 1975. Volume 1. 

(A77-19043 06-44) Cambridge, 
Massachusetts, Development Analysis 
Associates, Inc., 1976, p. 563-587 

ABSTRACT: The technique of growing ribbon shaped crystals 

of Si by the EFG process is discussed. A discussion of the 
growth process la followed by an analysis of the ribbon 
quality. A detailed economic analysis indicates that low 
cost PV systems can be realized through the use of this 
technology. 


TITLE: Maximum Growth Rates for Melt-Grown Ribbon Shaped 

Crystals 

AUTHOR: T . F . Ciszek 

CORPORATE AUTH: International Business Machines Corp., 

Hopewell Junction, New York 

PUBLICATION: Journal of Applied Physics, vol. 47, Feb. 

1976, p. 440 442. 

ABSTRACT: From heat-balance considerations at the growing 

interface and an assumption of predominantly radiative heat 
loss from the surface, an expression for the maximum growth 
rate of melt-grown ribbon-shaped crystals has been derived. 
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For a given material and a large width to thickness ratio, 
the maximum growth rate varies as the square root of the 
ribbon thickness and Is Independent of Its width. A com- 
parison of the maximum cylindrical and ribbon growth rates 
Is made for the silicon system. Some representative values 
at 7.5 cm diameter or width are 45 cm/h or 2000 cu cm/h for 
a cylindrical Cz-grown crystal and 625 cm/h or 95 cu cm/h 
for a 0 . 02- cm-th ick ribbon. 


TITLE: Silicon Solar Cell Development 

AUTHOR: M. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvanl a 

MEETING LOCATION: International Conference on Solar 

Electricity, Toulouse, France, March 
1-5, 1976, Reports. (A77-21776 08 44) 
Toulouse, Centre National d'Etudes 
Spatiales, 1976, p 113-140 

ABSTRACT: The paper takes a look at some of the main 

fronts on which effort in Si solar cell development is 
being focused. These are the improvement of collection 
efficiency and of the current voltage characteristic; 
increasing the production rate of solar arrays; and the 
search for large-scale low cost production methods. At 
present there Is a problem with the low open circuit volt 
age attainable on Si solar cells, and some of the possible 
causes under investigation are indicated. Several 
approaches to obtaining low cost silicon of adequate pur- 
ity are outlined. Estimates of the required capital for 
plant and equipment to provide for given planned produc- 
tion rates are made. 


TITLE: Multi-Crystal Silicon Solar Cells Fabrication by 

Czochralskl Method 

AUTHOR: J. Lin, J.W. Faust, Jr., and R.G. Hllborn 

CORPORATE AUTH: University of South Carolina, Columbia, 

South Carolina 

MEETING LOCATION: Engineering In a Changing Economy; 

Proceedings of the Southeast Region 3 
Conference, Clemson, South Carolina, 
April 5-7, 1976 (A76 47201 24-99) New 

York, Institute of Electrical and 
Electronics Engineers, Inc., 1976 

ABSTRACT: This paper reports results of an investigation 

into the growth and processing of polycrystal li ne Si for 
use in the fabrication of PV devices. A discussion is 
presented on the growth conditions to be established for 
obtaining large grain polycrystalline Si from a Cz puller. 
Output characteristics are given for multicrystal solar 
cells fabricated from Cz-grown polycrystal l ine ingots. A 
comparison is made between these curves and simple theoret- 
ical relations to relate their features to the physical 
aspects of the solar cells. 


TITLE: Purification of Metallurgical Grade Silicon to 

Solar-Grade Quality 

AUTHOR: L.P. Hunt, V.D. Dosaj, J.R. McCormick, and 

L.D. CrosBman 

CORPORATE AUTH: Dow Corning Corp., Hemlock, Michigan 

MEETING LOCATION: International Symposium on Solar 

Energy, Washington, DC., May 5-7, 

1976, Proceedings. (A76 47051 24-44) 
Princeton, New Jersey, Electrochemical 
Society, Inc., 1976, p. 200-215 

ABSTRACT: Selection of raw materials, improvements in the 

arc furnace process, acid leaching, and unidirectional 
aol Idif Icat Ion are examined as possible methods of removing 
impurities in metallurgical grade Si (MG Si) to obtain 
material suitable for production of solar cells. Use of 
purer raw materials is particularly important in regard to 
boron and phosphorus impurities, since it Is the only means 
currently considered for reducing the concentrations of 
these elements. Replacement of as many of the reductants 
as possible by charcoal is also being investigated as an 


effective means of lowering the amount of impurities enter 
ing through the arc furnace process. Iron and aluminum can 
both be reduced by an order of magnitude by acid leaching 
MG-Si. Final purification to solar-grade Si occurs effec- 
tively during crystal growth because of the small segrega 
t ion coefficients of aluminum and transition elements. It 
thus appears possible to attain the goal of $10/Kg for 
solar-grade Si by pulling single crystal ingot from 
chemically upgraded MC Si by the advanced Cz technique. 


TITLE: Continuous Silicon Ribbon Growth for Possible 

Solar Cell Application 

AUTHOR: A.D. Morrison, D.N. Jewett, B.H. Mackintosh, 

W.T. Little, V.E. White, and D . A . Yate9 
CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusetts 

MEETING LOCATION: International Symposium on Solar 

Energy, Washington, DC., Hay 57, 

1976, Proceedings. (A76 47051 24 44) 
Princeton, New Jersey, Electrochemical 
Society, Inc., 1976, p. 216 226 

ABSTRACT: Single crystal Si ribbon suitable for solar cell 

use has been grown continuously by the EFG method. Both 
induction and resistance heated growth systems were used 
These continuous ribbon growth systems and specific F.FG 
growth set up components are described. The growth process 
Is also described 

TITLE: Electrical Effects of SlC Inclusions in EFG 

Silicon Ribbon Solar Cells 
AUTHOR: C.V. Rao , H.E. Bates, and K.V. Ravi 

CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusetts ) 

PUBLICATION: Journal of Applied Physics, vol . 47, June 

1976, p. 2614 2619 

ABSTRACT: The electrical effects of Included Si carbide 

(SIC) particles in edge defined film-fed grown Si ribbons 
have been examined. By employing a scanning electron 
microscope operated in the electron beam induced current 
mode, as well as observing the effects of SiC particles on 
solar-cell characteristics, the electrical activity of 
particles and particle generated defects were studied. 

The influence of SiC particles largely appears to be a 
result of impurity accumulation around them rather than a 
direct effect of the inclusions. 


TITLE: Thermal Emission Rates and Activation Energies of 

Electrons at Tantalum Centers in Silicon 
AUTHOR: K Mlyata and C.T. Sah 

CORPORATE AUTH: Hitachi, Ltd., Ibarkl , Japan; University 

of Illinois, Urbana, Illinois 

PUBLICATION: Solid State Electronics, vol. 19, July 1976, 

p. 611-613 

ABSTRACT: The thermal emission rates and activation 

energies of electrons trapped at the two Ta donor centers 
in n-type Si are determined from transient capacitance 
measurements on Schottky barrier diodes made on phosphorus 
and tantalum doubly doped Si crystals. The thermal active 
t ion energies are 232 and 472 MeV for the two donor levels 
below the conduction band edge and the pre exponential 
factors. A, are both 15 billion/sec in the Arrhenius equa 
tlon for the emission rate. 

TITLE: Outdoor Weathering Performance of Solar Electric 

Generators 

AUTHOR: C.R. Maag, Jr. 

CORPORATE AUTH: Mega Analytical Research Services, Inc., 

Silver Spring, Maryland 

PUBLICATION: American Institute of Aeronautics and 

Astronautics, Thermophysics Conference, 

11th , San Diego, California, July 14 16, 
1976, 11 p. 
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ABSTRACT: An Investigation was conducted to determine the 

effects of outdoor exposure on the performance of commer- 
cially available PV terrestrial power systems and encapsu 
lant materials. The experimental program involved one 
year of continuous exposure (real time), preceded and fol- 
lowed by both spectral transmission and electrical output 
measurements on the cover materials and solar cell modules, 
respectively. Parameters considered were solar radiation 
at the test site, temperature effects, dirt, rain, snow 
and unwelcome migratory birds. Results Indicate that the 
solar cell modules encapsulated in polycarbonate are con- 
siderably more protective to the environment than those 
covered with silicone rubber. Many of the exposed encapsu- 
lant materials showed large amounts of degradation in 
spectral transmission. FEP Teflon showed no damage after 
environmental exposure. 


MEETING LOCATION: Sharing the Sun: Solar Technology in 

the Seventies; Proceedings of the Joint 
Conference, Winnipeg, Canada, Aug. 
15-20, 1976. Volume 6. (A77-48910 
23-44) Cape Canaveral, Florida, 
International Solar Energy Soc lety, 
1976, p. 23-33 

ABSTRACT: The paper reviews the status of the EFG process 

for producing rlbbon-shsped crystals of Si for solar cell 
applications. Attention is given to equipment, cost and 
ribbon-quality considerations along with crystal growth 
characteristics. Solar cells In two sizes have been fab- 
ricated from the Si ribbons: 1 cm x 2 cm and 1 In x 4 in. 
Cell efficiencies are in the 7-12* (AMI) range, with the 
larger area cells exhibiting the lower efficiencies. 


TITLE: Development of Low-Cost Silicon Crystal Growth 

Techniques for Terrestrial Photovoltaic Solar 
Energy Conversion 
AUTHOR: J.A. Zoutendyk 

CORPORATE AUTH : Jet Propulsion Laboratory 

MEETING LOCATION: Sharing the Sun: Solar Technology in 

the Seventies; Proceedings of the Joint 
Conference, Winnipeg, Canada, Aug. 

15-20, 1976. Volume 6. (A77-48910 

23-44) Cape Canaveral, Florida, 
International Solar Energy Society, 

1976, p. 34-47 

ABSTRACT: Because of the growing need for new sources of 

electrical energy, PV solar energy conversion is being 
developed. PV devices are now being produced mainly from 
silicon wafers obtained from the slicing and polishing of 
cyl 1 ndrica 1 ly shaped single crystal ingots. Inherently 
high-cost processes now being used must either be elimi- 
nated or modified to provide low cost crystalline Si. 

Basic to this pursuit is the development of new or modified 
methods of crystal growth and, if necessary, crystal cut- 
ting. If Si could be grown in a form requiring no cutting, 
a significant cost saving would potentially be realized. 
Therefore, several techniques for growth in the form of 
ribbons or sheets are being explored. In addition, novel 
techniques for low-cost in^ot growth and cutting are under 
1 nvest i gat ion . 


TITLE: Design Considerations of Solar Arrays for 

Terrestrial Applications 
AUTHOR: R.C. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Sharing the Sun: Solar Technology in 

the Seventies; Proceedings of the Joint 
Conference, Winnipeg, Canada, Aug. 

15-20, 1976. Volume 6. (A77 48910 

23-44) Cape Canaveral, Florida, 
International Solar Energy Society, 

1976, p. 48-56 

ABSTRACT: The primary objective of the LSSA Project, which 

forms a major part of a national PV program, is the timely 
development of low-cost commercial-quality PV arrays 
through an active program of industrial and academic 
involvement. The definition of future array requirements 
is considered as a necessary step toward meeting this 
objective. An overview of array requirement trends which 
begin to evolve from the various ERDA activities is pre 
sented. For present terrestrial arrays the primary re 
quirement. is to generate power for small, often remote 
electric-power applications. To meet an objective of 
increased enecgy independence requires that PV become 
economically viable for the large energy consumption of 
the future. Various developments needed to achieve such 
an economic viability are discussed. 


TITLE: EFG Growth of Silicon Ribbon for Solar Cells 

AUTHOR: K.V. Ravi end A. I. Ktavsky 

CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusetts 


TITLE: Consideration of Encapsulants for Photovoltaic 

Arrays In Terrestrial Applications 
AUTHOR: E.F. Cuddlhy and W.F. Carroll 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Optics in Solar Energy Utilization II; 

Proceedings of the Seminar, San Diego, 
California, August 24, 25, 1976. 

( A7 7-295 76 12-44) Palos Verdes Estates, 
California, Society of Photo Optical 
Instrumentation Engineers, 1977, 

p. 16-22 

ABSTRACT: Long-term survivability of PV arrays and com- 

ponents In terrestrial environments will require develop 
ment of adequate protective systems. Highly considered 
are polymeric encapsulants, a method which was success 
fully employed in space end aerospace applications to 
protect critical electrical circuitry. To be employable, 
however, the polymer encapsulants must themselves be 
chemically and mechanically resistant to failure in ter- 
restrial service. Chemical resistance includes stability 
to the degrading actions of UV light, oxygen, moisture and 
elevated temperatures in sun rich areas. Programs are 
underway to identify and develop chemically stable encap 
su 1 ant candidates. Chemical considerations aside, mechani 
cal failures of the encapsulants must also be avoided in 
array designs. This paper discusses design considerations 
for avoiding mechanical failures of polymeric encapsulants, 
with emphasis on biaxial properties, thermal fatigue, and 
anisotropy and nonhomogeneity of material properties. The 
general principles to be presented evolved from actual 
failures of polymeric materials in engineering applica 
tlons. Also included are brief remarks on the permea 
bllity of polymer materials to atmospheric gases. 


TITLE: Orientation Dependence of Defect Structure in EFG 

Silicon Ribbons 

AUTHOR: L.C. Garone, C.V.H. Rao, A.D. Morrison, T. Surek, 

and K.V. Ravi 

CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusetts 

PUBLICATION: Applied Physics Letters, vol. 29, Oct. 15, 

1976, p. 511-513 

ABSTRACT: Sustained growth of long lengths of Si ribbons 

by the EFG technique is shown to result In the attainment 
of an 'equilibrium* defect structure and orientation by 
the crystals. The structure consists of parallel defect 
boundaries parallel to the edges of the ribbon with a 
specific ribbon orientation. The influence of seed orien 
tatlon on the attainment of this structure has been 
examined . 


TITLE: Materials for Encapsulation Systems for 

Terrestrial Photovoltaic Arrays 
AUTHOR: D.C. Carmichael, G.B. Gaines, F.A. Sllemers, and 

C.W. Klstler 

CORPORATE AUTH: Battelle Columbus Labs., Ohio 
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MEETING LOCATION : 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 
<A78 1090? 01-44} New York, 1976, 
p. 317-331 

ABSTRACT: The paper Is concerned with glass and polymeric 

candidate materials and processes for potential encapsula- 
tion systems that could be used In low-cost long-life 
terrestrial PV arrays. The characteristics of encapsula 
tlon systems in use are reviewed, and the properties of 
proposed materials are examined. These materials include 
acrylics, epoxies, fluorocarbons, polycarbonates, poly- 
esters, polyimldes, polyxy lylenes , and silicones. Pro 
pertles of glass types are also considered. The prospects 
for glass and polymeric systems are analyzed, and the know 
ledge gained from a study of existing systems Is discussed 
with attention to weather/aging effects, failures, environ 
ments, hazards, costs, development efforts, and materials 
choices . 


TITLE: Total Energy Use in the Production of Silicon 

Solar Cells from Raw Materials to Finished Product 
AUTHOR: L.P. Hunt 

CORPORATE AUTH: Dow Corning Corp., Hemlock, Michigan 

MEETING LOCATION: l?th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15 18, 1976, Conference Record 
< A 7 8 10901 01-44) New York, 1976, 
p. 347-352 

ABSTRACT: The total energy required to produce Si solar 

cells from the raw material Si02 is estimated. Metal- 
lurgical grade Si, semiconductor grade tr i chloros i lane , 
polycrystalline semi conduc tor- grade Si, and Si solar cells 
are considered In terms of the process energy required to 
produce them and In relation to the total energy expended 
in their manufacture. The energy payback times using 
present technology Is 24 years for space cells and 12 yrs 
for terrestrial cells. Improvements are described which 
could reduce the energy payback time to as little a9 four 
months for terrestrial cells. 


TITLE: Production of Solar Grade Silicon from Purified 

Metallurgical Silicon 

AUTHOR: L.P. Hunt, V.D. Dosaj, J.R. McCormick, and 

L.D. Crossman 

CORPORATE AUTH: Dow Corning Corp., Hemlock, Michigan 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-16, 1976, Conference Record. 

( A 7 8 1090? 01 44) New York, 1976, 
p 125-129 

ABSTRACT: The long term goal of this work is to produce 

Si of solar-grade quality at 3 x 10 6 Kg/y for less than 
$10/Kg by, or before 1986. The approach is to improve and 
expand upon the technology used today to commercially pro- 
duce metallurgical grade Si. This is currently being 
accomplished by using purer raw materials in the arc fur 
nace process for producing MG-Si, by upgrading the furnace 
Itself, and by unidi rect ionally solidifying the molten Si 
exiting the furnace. Solar cells fabricated from partially 
purified MG Si have shown average AMO efficiencies in the 
range of 9 11%. Since further MG Si purification yet re 
mains possible, fabrication of cells of considerably higher 
conversion efficiency is deemed feasible. 


TITLE: The Conceptual Design and Analysis of a 

Photovoltaic Powered Experimental Residence 
AUTHOR: N.F. Shepard, Jr. and R. Landes 

CORPORATE AUTH: General Electric Co., Philadelphia, 

Pennsylvania 

MEETING LOCATION: 12th IEEE Phot ovoltalcs Specialists 

Conference, Baton Rouge, Louisiana, 
Nov 15-18, 1976, Conference Record. 
(A78 10902 01 44) New York, 1976, 
p. 705 714 


ABSTRACT: The paper deals with the results of a six-month 

definition Btudy conducted to analyze, the performance, plsn 
the testing program, and specify the test equipment re- 
quirements for an experimental PV powered residence. In 
the residence of the type proposed, the solar cell modules 
are mounted above the aouth-facing roof in such a way that 
the natural convective cooling from the rear side can be 
used to reduce the cell operating temperature. Other 
functional elements are a PV system components room, and a 
room housing the data-acqu i s i t Ion and control systems re- 
quired to monitor the experiment. A display panel Is also 
provided as a visual aid to graphically represent the 
operation and performance of the system tested. Following 
a 12-month operational evaluation period, a lead-acid 
battery was added to the PV system. The results of a 
performance sensitivity analysis for four selected site 
locations are evaluated. 


TITLE: Dip-Coated Sheet Silicon Solar Cells 

AUTHOR: J.D. Heaps, R.B. Maciolek, J.D. Zook, and 

H.W. Scott 

CORPORATE AUTH: Honeywell Corporate Research Center, 

Bloomington, Minnesota 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 
Nov. 15-18, 1976, Conference Record. 
<A78 10902 01-44 ) New York, 1976, 
p. 147 150 

ABSTRACT: A cost-effective method is being developed for 

producing solar cell quality sheet Si by dip coating 
inexpensive ceramic substrates with a thin layer of large 
grain silicon. Hullite (Aluminum Silicate) ceramic sub 
strates coated with a thin layer of graphite have been 
dipped into molten Si to produce 20-150 micron thick 
layers having grain sizes as large as . 4 cm i 4 cm. With 
these Si layers PV diodes have been fabricated with 
measured and inherent conversion efficiencies of 4% and 
7%, respectively. 


TITLE: Results of Accelerated Thermal Cycle Tests of 

Solar Cells Modules 

AUTHOR: P. Berman, R. Mueller, M. Salama, and R. Yasui 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15 18, 1976, Conference Record 
(A78 10902 01-44) New York, 1976, 
p. 379-387 

ABSTRACT: Various candidate solar panel designs were 

evaluated, both theoretically and experimentally, with 
respect to their thermal cycling survival capability, and 
in particular with respect to an accelerated simulation of 
thermal cycles representative of Viking ’75 mission re 
quirements. The experimental results were obtained on 
mini panels thermally cycled in a newly installed auto 
mated test facility herein described The resulting 
damage was analyzed physically and theoretically, and on 
the basis of these analyses the panel design was suitably 
modified to significantly improve its ability to withstand 
the thermal environment. These successful mod i f 1 c a t i on s 
demonstrate the value of the complementary theoretical 
experimental approach adopted, and discussed in detail in 
this paper. 

TITLE: Material and Design Considerations of Encapsulants 

for Photovoltaic Arrays in Terrestrial Applications 
AUTHOR: W. Carroll, E. Cuddihy, and M. Salama 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: l?lh IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15 18, 1976, Conference Record 
(A7B 1090? 01 44) New York, 1976, 
p. 332 339 
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ABSTRACT: Procedures for analyzing cyclic mechanical 

stresses in encapsulated PV arrays designed for ter- 
restrial application are discussed. The concept of 
thermal stiffness, the product of alpha and Young’s 
modulus, is presented, and its usefulness for minimizing 
mechanical stresses Is demonstrated. The concept of the 
’ proport l onal- 1 tmi t * helps Indicate the upper limit of 
design stress for plastics. System design is considered 
with attention to cell dimensions, cell to substrate 
adhesive, single encepsulant system, double layer encapsu 
lant, and stresses in the interconnects. The permeability 
of polymeric materials to gases is examined. 


TITLE: SAH1S - A Simulation of the Solar Array 

Manufacturing Industry 
AUTHOR: R.G. Chamberlain 

CORPORATE AUTH : Jet Propulsion Laboratory 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 
(A78 10902 01-44) New York, 1976, 
p. 353-359 

ABSTRACT: SAMIS is a continuing activity of the Project 

Analysis and Integration Task of the LSSA Project. It 
provides a standardized procedure for producing reliable 
estimates of the cost of manufacturing solar arrays or 
their components. These estimates are based on descrip 
tlons of the manufacturing processes which are being 
studied and developed by LSSA subcontractors and will be 
used to assess the commercial viability of those processes 
and to set research priorities. 


TITLE: Some Observations on the Characteristics of 

Low Cost Silicon Sheets 

AUTHOR: T.G. Dlgges, Jr., M.H. Lelpold, K.M. Koliwad, 

G. Turner, and G.D. Gumming 
CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 
<A78 1090? 01-44) New York, 1976, 
p. 120-124 

ABSTRACT: To meet the need for low cost Si sheet material 

In the ERDA/JPL PV program, JPL has initiated a wide rang- 
ing technology development effort In crystal growth that 
Includes several different technology thrusts. They range 
in scope from Innovative Ingot growth and multislice wafer 
Ing, to shaped growth techniques, substrate related pro 
cesses and hot forming techniques. In this paper, some 
salient observations on materials resulting from these 
processes are reported. Included are multiblade waferlng- 
Induced damage studies, interface morphology studies on 
the heat exchanger cast Si, some diffusion length measure 
ments In thin Si layers on ceramic substrates, and results 
on the equilibrium structure found in laser zone ribbon 
growth . 


TITLE: Economic Analysis of Low Cost Silicon Sheet 

Produced from Czochralskl Grown Material 
AUTHOR: K.M. Koliwad, M.H. Leipold, G.D. Cumming, and 

T.G. Digges, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 

(A78 10902 01-44) New York, 1976, 
p. 841-844 

ABSTRACT: This study shows that the lower limits for manu- 

facturing add-on coBts to convert polysilicon to wafers is 
in the range of $22 to $26/sq m with the cost about equally 
divided between the crystal growth and watering processes. 
However, the $22 to $?6/sq m cost limit should be viewed 
as an asymptote since it is based on multicharge or con- 
tinuous growth configurations, solidification rates in 


excess of 2 Kg/hr, multiblade watering and a slice plus 
kerf of .045 cm. It should also be emphasized that the 
results of this study are based on as-sawn wafers, 10011 
yields (growth and slicing) and no profit. To the first 
approximation, the limiting cost factors are crucible 
material and furnace parts for growth and blade material 
and slurry for slicing. 


TITLE: Interface Design Considerations for Terrestrial 

Solar Cell Modules 
AUTHOR: R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 
(A78-1090? 01-44) New York, 1976, 

p. 801 606 

ABSTRACT: The need for increased solar array electrical 

efficiency and reliability in the achievement of future 
large-scale system cost goals is discussed. The relative 
performance of various array module designs currently on 
the market is evaluated, and further design improvements 
are suggested. The subjects of module efficiency, tempera 
ture control, and seri es/paral lei reliability are analyzed. 
Applications for various combinations of array character 
istics are considered. 


TITLE: Rl bbon- to- Ri bbon Crystal Growth for Solar Cell 

Fabrication 

AUTHOR: I. A. Lesk, A. Baghdadi, R.W. Gurtler, R.J. Ellis, 

J.A. Wise, and M.G. Coleman 
CORPORATE AUTH: Motorola, Inc., Phoenix, Arizona 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 

<A78 10902 01-44) New York, 1976, 
p. 173-181 

ABSTRACT: A new ribbon growth technique utilizes scanned 

laser beamB to create a localized molten region in a pre 
formed polycrystalline Si ribbon; translating the melt 
converts the starting material to single crystal (or large 
grain) ribbon. Solar cells with useful efficiency have 
been fabricated on grown ribbon. Theoretical analysis, 
coupled with experimental results, indicate that this tech- 
nique should be capable of providing Si substrates for 
manufacture of solar cells to meet the long range ERDA 
object i ves . 


TITLE: An Analysis of Factors Influencing the Efficiency 

of EFG Silicon Ribbon Solar Cells 
AUTHOR: K.V. Ravi, F.V. Wald, R. Gon s 1 or aws k 1 , H. Rao, 

L.C. Garone, J.C.T. Ho, and R.O. Bell 
CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusetts 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 

(A78 1090? 01-44) New York, 1976, 
p. 182-190 

ABSTRACT: The performance characteristics of EFG Si ribbon 

solar cells have been analyzed with a view towards deter 
mining the material and process related parameters that 
Influence cell conversion efficiencies. Solar cell con- 
version efficiencies in excess of 10\ have been realized. 
The performance and yield limiting factors In these mate 
rials have been identified, with lifetime reducing impuri- 
ties being implicated as the principal problem in current 
generation EFG ribbons. 


TITLE: Processing Ramifications of Textured Surfaces of 

Silicon Wafers for Solar Cells 
AUTHOR: M.G. Coleman, W.L. Bailey, and R.A. Pryor 

CORPORATE AUTH: Motorola, Inc., Phoenix, Arizona 
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MEET IMG LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 
(A78 1090? 01-44) New York, 1976, 
p. 313-316 

ABSTRACT: The paper Is concerned with the complications 

that result from the presence of textured surfaces on Si 
wafers. Direct process Interactions are discussed with 
attention to handling, cleaning and wet chemistry, vacuum 
evaporation, photolithography, and Ion implantation. In- 
direct process interactions can affect measurements and AR 
material selection. Textured surfaces are used to enhance 
light penetration into the surface of a solar cell. 

TITLE: A Novel Solar Cell Interconnection Design 

AUTHOR: R . A . Pryor, M.C Coleman, and M.C. Keeling 

CORPORATE AUTH: Motorola, Inc., Phoenix, Arizona 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 
(A78 10902 01-44) New York, 1976, 
p. 375-378 

ABSTRACT: A novel interconnection design for solar cells 

within modules Is developed. The design places thin buss 
plates beneath the solar cells. These buss plates can be 
designed for series, paral lei- series , or parallel inter- 
connection with equivalent ease. Such designs can incorpo 
rate multiple contacts to each solar cell and can reduce 
series resistance losses. Furthermore, this interconnec 
tion system is easily adapted to any size or shape of 
solar cell. 


TITLE: Basic Corrections to Predictions of Solar Cell 

Performance Required by Nonl inear 1 1 les 
AUTHOR: F.A. Llndholm, J.G. Fossum, and EL. Burgess 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida; Sandia National Labs., 
Albuquerque, New Mexico 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15 18, 1976, Conference Record. 
(A78 10902 01 44) New York, 1976, 
p. 33-39 

ABSTRACT: The superposition principle Is used to derive 

the approximation that the current voltage characteristic 
of an illuminated solar cell Is the dark current voltage 
characteristic shifted by the short circuit photocurrent. 
The derivation requires the linearity of the boundary 
value problems that underlie the electrical character 
IstlcB. The shifting approximation is invalid if consid 
erable photocurrent and considerable dark current both 
occur within the junction space-charge region; it Is 
invalid also if sizable series resistance Is present or if 
M gh- in jec t i on concentrations of holes and electrons exist 
within the quas l - neutral regions. 


TITLE: Investigation of the Double Exponential in the 

Current-Voltage Characteristics of Silicon Solar 
Cells 

AUTHOR: M. Wolf, G.T. Noel, and R.J. Stirn 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania; Jet Propulsion Laboratory 
MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 

( A78- 10902 01-44) New York, 1976, 
p. 44-52 

ABSTRACT: A theoretical analysis is presented of certain 

peculiarities of the current voltage characteristics of Si 
solar cells, involving high values of the empirical con- 
stant A in the diode equation for a p n junction. An 
attempt was made in a lab experiment to demonstrate that 


the saturation current which is associated with the expo 
nential term qV/A2kT of the IV characteristic, with A2 
roughly equal to 2, originates in the space charge region 
and that it can be increased, as observed on ATS 1 cells, 
by the introduction of additional defects through low 
energy proton irradiation. It was shown that the proton 
irradiation introduces defects into the space charge 
region which give rise to a recombination current from 
this region, although the I-V characteristic is, in this 
case, dominated by an exponential term which has A = 1 


TITLE: Experiments to Evaluate High Temperature Rolling 

as a Low-Cost Process for Silicon Solar Cells 
AUTHOR: G.T. Noel, S. Kulkarnl, M. Wolf, D.P. Pope, and 

C.D. Graham 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvan i a 

MEETING LOCATION: I2th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 
(A78- 10902 01-44) New York, 1976, 
p. 168 172 

ABSTRACT: Mechanical rolling (a process used in industry 

for producing large quantities of metallic sheet and 
strip) has been suggested for the rapid low-cost manufac 
ture of Si sheet to be used for PV power generation equip- 
ment, such as solar arrays. The advantages of rolling 
include: high rates of production, wide sheets as products 
good control of dimension, and (in the case of solar grade 
Si) minimal development of impurities. Experiments have 
been performed using hi gh- temperature , high speed compres 
sion of polycrystalline Si cylinders. Metallography and 
x-ray diffraction techniques have been used to examine the 
samples both before and after compression, and a model 
process has been designed to evaluate the technical 
practicality and economic feasibility of the method 


TITLE: Solar Cell Processing with Spin On Diffusion 

Sources 

AUTHOR: T.C. Chandler, Jr., R.B. Hllborn, Jr., and 

J.W. Faust, Jr. 

CORPORATE AUTH: University of South Carolina, Columbia, 

South Carolina 

MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 
(A78 10902 01-44) New York, 1976, 
p. 282 285 

ABSTRACT: In the study described, the problem of the poor 

quality of solar cells prepared from spin on diffusion 
sources was attacked by studying the diffused layers by 
means of metallurgical techniques. It was found that 
device performance was degraded by nonuniform diffusion 
over the surface of the wafer and that nonuniform dif 
fusion was caused by variations in the thickness of the 
spin on silica layer. Cells which were diffused, using a 
uniform film of spin on doping source exhibited better 
current- voltage characteristics, lower series resistance, 
and higher values of fill factor. It is shown that this 
better performance can be ensured by taking steps to main 
tain the uniformity of the film coverage, to eliminate 
cracks and bubbles, and to maintain the proper temperature 
of both the spin on source and wafer during the spinning 
operation, and also to maintain the appropriate speed and 
duration of spin. The respective conditions are specified 


TITLE: Silicon Solar Cells from Transition MetBl Doped 

Czochralski and Web Crystals 
AUTHOR: J.R. Davis, P. Ral Choudhury, P.D. Blais, 

R.H. Hopkins, and J.R. McCormick 
CORPORATE AUTH: Westlnghouse Research Labs , Pittsburgh, 

Pennsylvania; Dow Corning Corp., Hemlock, 
Michigan 



MEETING LOCATION: 12th IEEE Photovoltaic Specialists 

Conference, Baton Rouge, Louisiana, 

Nov. 15-18, 1976, Conference Record. 
(A78- 10902 01-44) New York, 1976, 

p. 106-111 

ABSTRACT: The influence of metallic Impurities on solar 

cell characteristics has been examined to establish the 
cost sensitive purity versus performance trade offs. Solar 
cells were fabricated on 2 to 4 ohm cm p type substrates 
obtained by Cz and dendritic web growth processes. Con- 
trolled amounts of metallic impurities were introduced 
Into the melt during growth and included Fe , Cr , Mn, Nl , 

CUi Ti, V, Zr, Mg, Az , and A1 . Impurity concentrations in 
the crystals were determined using emission and mass spec- 
trographic techniques and In some cases by neutron activa- 
tion analysis. The solar cells were characterized by means 
of a computer program to curve fit measured voltage current 
data. The principal effect of the added impurities is a 
degradation of lifetime and diffusion length. 


TITLE: The Growth of EFG Silicon Ribbons 

AUTHOR: K.V. Ravi 

CORPORATE AUTH: Mobil Tyco Solar Energy Corp. , Waltham, 

Massachusetts 

PUBLICATION: Materials and Energy; Selected topics. 

(A78 53487 24-44) Amsterdam, North Holland 
Publishing Co., 1977, p. 1-16 

ABSTRACT: The technology associated with the EFG process 

of producing r ibbon- shaped crystals of Si is discussed. 
Aspects relating to the growth of crystals, equipment and 
theoretical considerations are presented. The crystal 
lographic and electrical characteristics of these crystal 
are discussed in terms of their Impact on the performance 
characteristics of solar cells. Solar cell data are pre 
sented demonstrating the capability of these crystals of 
furnishing cells with conversion efficiencies in excess of 
10 %. 


TITLE: Dendritic Web Silicon for Solar Cell Application 

AUTHOR: R.G. Seldenst i cker 

CORPORATE AUTH: Westinghouse Research Laboratories, 

Pittsburgh, Pennsylvania 

MEETING LOCATION: Materials and Energy; Sel ec ted Topi c s . 

(A78 53487 24-44) Amsterdam, 

North Holland Publishing Co., 1977, 
p. 17-22 

ABSTRACT: The dendritic web process for growing long thin 

ribbon crystals of Si and other semiconductors is 
described. Growth Is initiated from a thin wlrellke 
dendrite seed which is brought into contact with the melt 
surface. Initially, the seed grows laterally to form a 
button at the melt surface; when the seed is withdrawn, 
needlelike dendrites propagate from each end of the button 
into the melt, and the web portion of the crystal is formed 
by the solidification of the liquid film supported by the 
button and the bounding dendrites. Apparatus used for den 
drltic web growth, material characteristics, and the two 
distinctly different mechanisms involved in the growth of 
a single crystal are examined. The performance of solar 
cells fabricated from dendritic web material is indistin 
guishable from the performance of cells fabricated from Cz 
grown material. 


TITLE: The Near-Term Prospectlves for Photovoltaic Solar 

Energy Conversion 
AUTHOR: M. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania 

PUBLICATION: (International Conference on Electronics +5, 

Paris, France, Mar. 28 Apr . 1, 1977.) Acta 
Electronics, vol. 20, no. 2, 1977, p. 205-215 

ABSTRACT: Changes In the price/demand curve for PV energy 

conversion devices during the next five years, as well as 


technological advances affecting the cost of photocells, 
are discussed. Innovations such as the black or nonreflec- 
tlve Si solar cell, or cells employing thin (50 to 
100-mlcron) Si layers and Cerla-doped glass covers are 
described; GaAs cells are also mentioned. A mathematical 
model for evaluating the economic viability of solar 
systems with varying cost per unit of array is given. In 
addition, a price/demand curve for solar arrays sold in 
the U.S., including historical data as well as predictions 
through 1982, is developed. The forecast involves annual 
doubling of production, with a 25% price reduction for 
each doubling, and an increase of cell efficiency to 12% 
by 1982. 


TITLE: Investigation of the Double Exponential in the 

Current-Voltage characteristics of Silicon Solar 
Cells - Proton Irradiation Effects on ATS 1 cells 
AUTHOR: M. Wolf, G.T. Noel, and R.J. Stlrn 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania; Jet Propulsion Laboratory 
PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED-24, Apr. 1977, p. 419 428 

ABSTRACT: Difficulties In relating observed current- 

voltage characteristics of Individual Si solar cells to 
their physical and material parameters were underscored by 
the unexpected large changes in the current- voltage 
characteristics telemetered back from solar cells on the 
ATS-1 spacecraft during their first year in synchronous 
orbit. Depletion region recombination was studied in 
cells exhibiting a clear double exponential dark character 
istlc by subjecting the cells to proton irradiation. A 
significant change in the saturation current, an effect 
included in the Sah, Noyce, Shockley formulation of diode 
current resulting from recombination in the depletion 
region, was caused by the introduction of shallow levels 
in the depletion region by the proton irradiation. This 
saturation current is not attributable only to diffusion 
current from outside the depletion region and only its 
temperature dependence can clarify its origin. The current 
associated with the introduction of deep lying levels did 
not change significantly in these experiments. 


TITLE: Physical Operation of Back Surface Field Silicon 

Solar Cells 
AUTHOR: J.G. Fossum 

CORPORATE AUTH: Sandla National Laboratories, 

Albuquerque, New Mexico 

PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED-24. Apr. 1977, p. 322 325 

ABSTRACT: The performance of back- surf ace- f 1 eld solar 

cells is simulated numerically by a semiconductor device 
analysis computer code. The physical operation of these 
Si solar cells is elucidated on the basis of exact one 
dimensional solutions of carrier transport. Carrier 
densities, backside built-in electric field, potential, 
and carrier recombination throughout the device are 
studied, in addition to predicted terminal performance, to 
shed light on the mechanisms at work in the n + p p 4 
BSF Si solar cell . 


TITLE: The Dependence of Open Circuit Voltage on 

Illumination Level in p- n Junction Solar Cells 
AUTHOR: J.G. Fossum and F.A. Lindholm 

CORPORATE AUTH: Sandla National Laboratories, 

Albuquerque, New Mexico; University of 
Florida, Gainesville, Florida 
PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED-24. Apr. 1977, p. 325 329 

ABSTRACT: Simple analytical dependencies of solar cell 

open circuit voltage on illumination level, valid for high 
injection, are derived. The developments are guided and 
verified by exact computer a i ded ..umerical simulations of 
Si cells. The results are related to an easily measured 
device parameter, the uncompensated photocurrent, through 
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the use of the principle of superposition. An advantage 
of p + -n over n + -p cells with respect to open-circuit 
voltage at high levels of illumination is predicted. 


TITLE: An Optical Scanning Technique for Evaluating 

Silicon Solar Cells 

AUTHOR: C.T. Chandler, Jr., R.B. Hilborn, Jr., and 

J.W. Faust, Jr. 

CORPORATE AUTH: University of South Carolina, Columbia, 

South Carolina 

MEETING LOCATION: Imaginative Engineering thru Education 

and Experience; Proceedings of the 
Southeast Region 3 Conference, 
Williamsburg, Virginia, Apr. 4-6, 

1977. (A78 17526 05 31) New York, 

Institute of Electrical and Electronics 
Engineers, Inc., 1977, p. 281-284 

ABSTRACT: The present paper deals with Si solar cells 

which operate by the PV effect common to p n junctions. 

The theory is highly developed, but solar cell efficien- 
cies, series resistance, and other parameters do not 
always agree with theoretical values, the discrepancies 
resulting from inhomogeneities in the diffused region of 
the cells. The relationship between the 1 nhomogene l t i es 
and solar cell parameters Is studied by evaluating the 
variations in surface concentration, making use of the 
bulk PV effect, and by using a specially adapted curve 
tracer to display the forward (illuminated) characteristic 
of the test cell. It is found that the bulk PV scanning 
technique has some disadvantages. Including difficulties 
in interpreting the bulk EMF vs lateral distance curve and 
also the associated resistivity profile for an n type 
crystal. However, variations in resistivity profile large 
enough to degrade cell performance can be easily detected. 


TITLE: Characterization of Terrestrial Service 

Environments The Simultaneous Occurrence of 
Combined Conditions of Solar Insolation and 
Climatic Variables 

AUTHOR: R.E. Thomas, D.C. Carmichael, and W.F. Carroll 

CORPORATE AUTH: Battelle Columbus Labs., Ohio; Jet 

Propulsion Laboratory 

MEETING LOCATION: International Solar Energy Society, 

Annual Meeting, Orlando, Florida, June 
6 10, 1977, Proceedings Sections 
14-25 . ( A78 11212 01 44 ) Cape 
Canaveral, Florida, International Solar 
Energy Society, 1977, p. 14 1 to 14 6 

ABSTRACT: Computational methods for occurrences of com 

blned environmental and pollution variables are compared. 
General statistical data and diurnal statistics on 24 
environmental variables are treated. Combinations of 
variables dealt with include: air temperature, relative 
humidity, wind speed, total insolation; air temperature 
and weather event (rain, fog); air pollutant and weather 
event; wind speed, wind direction, and weAther event; air 
temperature, total insolation, and weather event; air 
temperature, relative humidity, wind speed, computed 
direct insolation levels; air temperature, relative 
humidity, air pollution. 

TITLE: Structure Development In Silicon Sheet by Shaped 

Crystal 1 Iza t ion 

AUTHOR: M.H. Leipold and R.J. DeAngelis 

CORPORATE AUTH: Jet Propulsion Laboratory; University of 

Kentucky, Lexington, Kentucky 
MEETING LOCATION: Photovoltaic Solar Energy Conference, 

Luxembourg, Sept. 27-30, 1977, 
Proceedings. (A78 52776 24 44) 
Dordrecht, D. Reidel Publishing Co., 
1978, p. 872 881 

ABSTRACT: Models are presented for the development of a 

parallel twinned structure of the 110 plane type and the 
112 line type in Si ribbons. The models are believed to 


be mutually compatible and operable. The first model 
relates the requirements for super cooling during crystal- 
lization. The existence of reentrant angles associated 
with the twin structure is proposed to provide a rough 
interface to reduce super - cool 1 ng . The spacing of the 
twins is proposed to be limited by the geometrical rela 
tlonship between the thermal gradient in the liquid and 
the dimensions of the twinned crystallization front. The 
second model relates the thermal stress configuration to 
detail dislocation reactions which would be expected to 
develop twins. While a specific dislocation mechanism 
cannot yet be defined, a number of alternatives are pre 
Bented. All of these various dislocation mechanisms would 
result in the observed crystalline configuration and the 
choice among them is not critical. 


TITLE: The Properties of Silica Diffusion Sources Under 

Oxidizing Ambient Conditions and their Application 
to Solar Cell Fabrication 

AUTHOR: C.T. Chandler, Jr., R.B. Hilborn, Jr. , and 

J.W Faust , Jr . 

CORPORATE AUTH: University of South Carolina, Columbia, 

South Carolina 

PUBLICATION: Electrochemical Society, Journal, vol . 124, 

Sept. 1977, p. 1409-1413 

ABSTRACT: In this paper a technique for the design and 

fabrication of Si solar cells using spin on silica doping 
sources is discussed. This technique involves the use of 
an oxidizing ambient during diffusion which limits the 
diffusion flux and yields lower surface concentrations of 
impurities and shallow p n junctions. It is shown that 
the uniformity of the film thickness is an important 
factor in maintaining a uniform surface concentration of 
impurities In a diffused substrate. Data are given to 
demonstrate the effects of such silica film thickness 
variations on solar cell performance. 


TITLE: Electricity From Sunlight - Low Cost Silicon for 

Solar Cells 

AUTHOR: C.L. Yaws, J.W. Hiller, R. Lutwack, and C. Hsu 

CORPORATE AUTH: Lamar Univ., Beaumont, Texas; Jet 

Propulsion Laboratory 

MEETING LOCATION: Energy and the environment; Proceedings 

of the Fifth National Conference, 
Cincinnati, Ohio, Nov. 1 3, 1977 

( A 7 9 14106 03 45 ) Dayton, Ohio, 

American Institute of Chemical 
Engineers, 1978, p 329 334 

ABSTRACT: The paper discusses a number of new unconven 

tional processes proposed for the low cost production of 
Si for solar cells. Consideration is given to: (1) the 

Battelle process (Zn/SiCl^), (2) the Battelle process 
(Sil 4 ), (3) the Silane process, (4) the Motorola process 
(SiF 4 /SiF ? ), ( 5 > the Westinghouse process (Na/SiCl^), 

(6) the Dow Corning process (C/SiOj), (7) the AeroChem 
process ( SlCl^/H/a tom) , and the Stanford process (Na/SiF^). 
Preliminary results indicate that the conventional process 
and the Sil^ processes esnnot meet the project goal of 
$10/kg by 1986. Preliminary cost evaluation results for 
the Zn/SiCl^ process are favorable. 


TITLE: Development of Low Cost Silicon Crystal Growth 

Techniques for Terrestrial Photovoltaic Solar 
Energy Conversion 
AUTHOR: J.A, Zoutendyk 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Solar Energy, vol. 20, no. 3, 1978, 

P 249 257 

ABSTRACT: None 


TITLE: Large Area Silicon Sheet by EFG 

AUTHOR: C.V.H. Rao, T, Surek, B. Mackintosh, K.V. Ravi 

and F.V. Wald 
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CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusetts 

MEETING LOCATION: Sun: Mankind's Future Source of Energy; 

Proceedings of the International Solar 
Energy Congress, New Delhi, India, 
January 16-21, 1978. Vol . 2 (A79 17276 
05-44) Elms ford , New York, Pergamon 
Press, Inc., 1978, p. 643-650 

ABSTRACT: The EFG technique has been employed to grow Si 

ribbons for PV appl icat 1 one . Conaiderable progress has 
been made In recent years in developing the technique to 
the point that long lengths of Si ribbon can be routinely 
grown. In order to attain the full low cost potential of 
the EFG technique, several further developments such as 
the growth of thinner and wider ribbons, increase in rib 
bon growth rate, and improvements in material quality are 
needed. The technological problems to be solved and the 
approaches employed to achieve these goals are discussed 


TITLE: Simulated Hall Impact Testing of Photovoltaic 

Solar Panels 

AUTHOR: D. Moore, A. Wilson, and R.G. Rosa, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Combined environments: Technology 

interrelations; Proceedings of the 
Twenty fourth Annual Technical Meeting, 
Fort Worth, Texas, Apr. 18- 20, 1978. 

(A79 16076 04 38) Mount Prospect, 
Illinois, Institute of Environmental 
Sciences, 1978, p. 419 430 

ABSTRACT: Techniques used to simulate and study the 

effect of hail on PV solar panels are described. Slmu 
lated hail stones (frozen Ice spheres projected at terminal 
velocity) or steel balls were applied by air guns, gravity 
drop, or static loading. Tests with simulated hall and 
steel balls yielded different results. The Impact strength 
of 10 commercially available flat plate PV modules was 
tested. It was found that none of the six panel designs 
Incorporating clear potting silicone material aa the 
outermost layer remained undamaged by 1 in. simulated 
hailstones, while a PV module equipped with a 0.188- in. 
thick acrylic cover sheet would be able to withstand the 
impact of a 2- i n . - di ameter hailstone. 


TITLE: Recent Developments in Low Cost Silicon Solar 

Cells for Terrestrial Application Sheet Production 
Methods 

AUTHOR: M.H. Leipold 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Selective Application of Materials for 

Products and Energy; Proceedings of the 
Twenty Third National Symposium and 
Exhibition, Anaheim, California, May 
2-4, 1978. (A79 2081 07-23) Azusa, 

California, Society for the Advancement 
of Material and Process Engineering, 
1978, p. 354 365 

ABSTRACT: A variety of techniques may be used for PV 

energy systems. Concentrated or not concentrated sunlight 
may be employed, and a number of materials can be used, 
including Si, gallium arsenide, cadmium sulfide, and cad 
mium telluride. Most of the experience, however, has been 
obtained with Si cells employed without sunlight concentre 
tlon. An industrial base exists at present for producing 
solar cells at a price in the range from $15 to $30/W 
A major federal program has the objective to reduce the 
price of power provided by Si solar system to approximately 
$1/W p In the early 1980's and $0.50/W by 1986. The 
approaches considered for achieving this objective are 
dl scussed . 


TITLE: Integral Assembly of Photovoltaic Arrays Using 

Glass 

AUTHOR: P.R. Younger, A . R . Kirkpatrick, H.G. Maxwell, and 

R.F. Holtze 


CORPORATE AUTH: Spire Corp., Bedford, Massachusetts; Jet 

Propulsion Laboratory 

PUBLICATION: Society for the Advancement of Material and 

Process Engineering, National Symposium and 
Exhibition, ?3rd, Anaheim, California, May 
2-4, 1978, Paper. 6 p. 

ABSTRACT: For a number of reasons glass is an excellent 

material for encapsulation of solar cell arrays. Glass 
can be readily available at relatively low cost. It 
exhibits excellent stability against degradation by solar 
ultraviolet Illumination and atmospheric pollutants. A 
superior approach results if glass is employed directly as 
an Integral encapsulant without secondary organic materi 
als. A description is presented of an electrostatic bond 
ing process which is being developed for integral assembly 
of glass encapsulation arrays. Solar cells are placed In 
contact with the glass surface, temperature is raised until 
the glass becomes lonically conductive, and an electric 
field is applied to initiate the bonding action. Si solar 
cells up to 3 in. in dia. have been Integrally bonded with 
out degradation. 


TITLE: Fracture Toughness of Silicon 

AUTHOR: C.P. Chen and M.H. Leipold 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: (American Ceramic Society, Annual 

Meeting 80th, Detroit, Michigan, May 
8, 1978) American Ceramic Society 
Bulletin, vol. 59, Apr. 1980, p. 469 472 

ABSTRACT: The paper presents a study to determine the 

fracture toughness and to characterize fracture modes of 
Si as a function of the orientation of single crystal and 
polycrystalline material. It is shown that bar specimens 
cracked by Knoop microhardness indentation and tested to 
fracture under four- point bending at room temperature were 
used to determine the fracture toughness values. It is 
found that the lowest fracture toughness value of single 
crystal Si was 0.82 HN/m to the 3/2 in the 111 plane type 
orientation, although the difference In values in the 111, 
110, and 100 planes was small. 


TITLE: Measurement Requirements and Techniques for 

Degradation Studies and Lifetime Prediction 
Testing of Photovoltaic Modules 
AUTHOR: G.T. Noel, F.A. Sllemers, G.C. Derriner, 

V.E. Wood, K.E. Wilkes, G.B. Gaines, and 
D.C. Carmichael 

CORPORATE AUTH: Battelle Columbus Labs., Ohio 

MEETING LOCATION: Seminar on Testing Solar Energy 

Materials and Systems, Gaithersburg, 
Maryland, May 22-24, 1978, Proceedings. 
(A79-35038 14-44) Mt . Prospect, 
Illinois, Institute of Environmental 
Sciences, 1978, p. 24-29 

ABSTRACT: Tests of weathering and aging behavior are 

being developed to characterize the degradation and 
predict the lifetimes of low cost PV arrays. Environ 
mental factors which affect array performance include UV 
radiation, thermal energy, water, oxygen (generally in 
vol ved In synergistic effects with UV radiation or high 
temperatures), physical stress, pollutants (oxides of 
nitrogen, sulfur dioxide and ozone), abrasives and dirt. 

A survey of PV array testing has shown the need to estab 
llsh quantitative correlations between certain measurable 
properties (carbonyl formation, glass transition tempera 
lure, and molecular weight change) and modes of degrada 
tlon and failure. 


TITLE: A Life Prediction Methodology for Encapsulated 

Solar Cells 

AUTHOR: C.D. Coulbert 

CORPORATE AUTH: Jet Propulsion Laboratory 
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HEETING LOCATION: Seminar on Testing Solar Energy 

Materials and Systems, Gaithersburg, 
Maryland, May 2? 24, 1978, 

Proceedings. (A79-35038 14 44) Mt . 
Prospect, Illinois, Institute of 
Environmental Sciences, 1978, p. 18-23 

ABSTRACT: This paper presents an approach to the develop 

ment of a life prediction methodology for encapsulated 
solar cells which are intended to operate for twenty years 
or more in a terrestrial environment. Such a methodology, 
or solar cell life prediction model, requires the develop- 
ment of quantitative intermediate relationships between 
local environmental stress parameters and the basic cheml 
cal mechanisms of encapsulant aging leading to solar cell 
failures. The use of accelerated/ abbrev i ated testing to 
develop these Intermediate relationships and in revealing 
failure modes Is discussed. Current field and demonstra 
tlon tests of solar cell arrays and the present laboratory 
tests to qualify solar module designs provide very little 
data applicable to predicting the long term performance of 
encapsulated solar cells. An approach to enhancing the 
value of such field tests to provide data for life predic- 
tion is described. 

TITLE: Environmental Testing of Flat Plate Solar Cell 

Modules 

AUTHOR: J. Griffith, L. Dumas, and A Hoffman 
CORPORATE AUTH: Jet Propula ion Laboratory 

MEETING LOCATION: Seminar on Testing Solar Energy 

Materials and Systems, Gaithersburg, 
Maryland, Hay 22-24, 1978, 

Proceedings. (A79 35038 1444) Mt. 
Prospect, Illinois, Institute of 
Environmental Sciences, 1978, p. 1 11 

ABSTRACT: Commercially available flat plate solar cell 

modules have been subjected to a variety of environmental 
tests designed to simulate service conditions. Among the 
tests are those simulating heat and rain, wind driven 
rains, humidity and freezing, humidity and heat, humidity 
with a voltage bias, salt fog, hail impact, and fungus 
Infestation. Tests for optical surface soiling and the 
combined effects of temperature, humidity and UV irradia 
tlon are under development. A correlation has been demon 
strated between degradation caused by the qualification 
tests and such observed field effects as power loss. 


TITLE: A Life Prediction Methodology for Encapsulated 

Solar Cells 

AUTHOR: C.D. Coulbert 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Seminar on Testing Solar Energy 

Materials and Systems, Gaithersburg, 
Maryland, Hay 22 24 , 1978, Proceedings. 
( A 79 35038 L4 44 ) Mt . Prospect, 
Illinois, Institute of Environmental 
Sciences, 1978, p. 18 23 

ABSTRACT: This paper presents an approach to the develop 

ment of a life prediction methodology for encapsulated 
solar cells which are intended to operate for twenty years 
or more in a terrestrial environment . Such a methodology, 
or solar cell life prediction model, requires the develop 
ment of quantitative Intermediate relationships between 
local environmental stress parameters and the basic chemi 
cal mechanisms of encapsulant aging leading to solar cell 
failures. The use of accelerated/abbreviated testing to 
develop these Intermediate relationships and in revealing 
failure modes is discussed. Current field and demonstra 
tlon tests of solar cell arrays and the present laboratory 
tests to qualify solar module designs provide very little 
data applicable to predicting the long term performance of 
encapsulated solar cells An approach to enhancing the 
value of such field tests to provide data for life predic 
tion is described. 


TITLE: Ac t i nometr 1 c Measurement of Solar Ultraviolet and 

Development of a Weighted Solar UV Integral 
Photochemical Reaction Rate Determination 
AUTHOR: A. Gupta and C. Coulbert 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Seminar on Testing Solar Energy 

Materials and Systems, Gaithersburg, 
Maryland, May 22 24 , 1978, 

Proceedings. (A79-35038 14 44) Mt . 
Prospect, Illinois, Institute of 
Environmental Sciences, 1978, p. 253 255 

ABSTRACT: An actinometer has been developed to measure 

outdoor irradiance In the range 295 400 nm . Actinometric 
measurements of radiation are based on determination of 
photochemical reaction rates for reactions of known quantum 
efficiency. Actinometers have the advantage of providing 
irradiance data over surfaces of difficult accessibility; 

In addition, ac t inometr lea l ly determined irradiance data 
are wavelength weighted and therefore provide a useful 
means of assessing the degradation rates of polymers 
employed in solar energy systems. 


TITLE: A Candidate Low Cost Processing Sequence for 

Terrestrial Silicon Solar Cell Panel 
AUTHOR: D.8. Blckler, B.D. Gallagher, and L.E. Sanchez 

CORPORATE AUTH: Jet Propulsion Laboratory 
MEETING LOCATLON' 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, p. 241-245 

ABSTRACT: Manufacturing sequence for Si solar cells using 

Cz crystal growing techniques in order to produce at a 
rate of 20 MW/y on a 24 h/day basis is discussed. Cost 
analysis of the manufacturing is presented and considera 
tion is given to the following processing decision cate 
gorles of the manufacturing of an unencapsulated solar 
cell from a Si wafer: (1) treatment of the optical surface; 

<2) formation of the junctlon(s); and (3) metallization of 
electrical collectors. The manufacturing of encapsulated 
solar modules from solar cells, using two glass plates, a 
low iron front surface, and a standard float glass back 
plate, is described. Totaling the three major activities 
of wafer making, cell manufacturing, and module fabrica 
tion, the resulting contribution to module price will be 
l . 945J/W. 


TITLE: Lifetime Cost and Performance Model for 

Photovoltaic Power Systems 
AUTHOR: C.S. Borden 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 5 8, 
1978, Conference Record. (A79 40881 
17-44) New York, p. 925 929 

ABSTRACT: This paper describes the approach and procedures 

of the Lifetime Cost and Performance model far PV power 
systems. The LCP model Is designed to evaluate the impact 
of alternative initial design and recurrent policy dec! 
slons on both cost and power output over the lifetime of a 
PV power plant LCP Is, therefore, useful to system de 
signers and operators for addressing questions relating to 
optimal system configuration, installation activities, 
level of effort and timing of operations/maintenance 
actions, allowable degradation and replacement options 

TITLE: Product Pricing in the Solar Array Manufacturing 

Industry - An Executive Summary of SAM1CS 
AUTHOR: R.G Chamberlain 

CORPORATE AUTH: Jet Propulsion Laboratory 

HEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, DC., June 5 8, 
1978, Conference Record. (A79 40881 
17-44) New York, p. 904 907 
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ABSTRACT: Capabilities, methodology, and a description of 

Input data to the SAMICS are presented. SAHICS were devel- 
oped to provide a standardized procedure and data base for 
comparing manufacturing processes of LSA subcontractors, 
guide the setting of research priorities, and assess the 
progress of LSA toward Its hundred- fold cost reduction 
goal. SAHICS can be used to estimate the manufacturing 
costa and product prices and determine the impact of infla- 
tion, taxes, and interest rates, but it Is limited by its 
Ignoring the effects of the market supply and demand and 
an assumption that all factories operate In a production 
line mode. The SAMICS methodology defines the industry 
structure, hypothetical supplier companies, and manufactur- 
ing processes and maintains a body of standardized data 
which is used to compute the final product price. The 
input data Includes the product description, the process 
characteristics, the equipment cost factors, and produc- 
tion data for the preparation of detailed cost estimates. 
Activities validating that SAMICS produced realistic price 
estimates and coat breakdowns are described. 


TITLE: Mechanisms of Photon Induced Changes in Silicon 

Solar Cell Parameters 

AUTHOR: L.J. Cheng, G.B. Turner, R.G. Downing, 

C.H. Seaman, and E.Y. Wang 

CORPORATE AUTH : Jet Propulsion Laboratory; Wayne State 

Univ., Detroit, Michigan 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, DC., June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 1333-1336 

ABSTRACT: Reversible changes In solar cell performance 

were Induced by AMI illumination and evaluated by measur- 
ing short circuit current, weak light spectral response, 
and minority carrier diffusion length. In n 4 p cells the 
change manifests Itself as a reduced short circuit current, 
a loss of the red response, and a reduction in minority 
carrier diffusion length. In p 4 n cells there are two 
photon induced effects: (1) enhancement of the blue spec 
tral response, presumably occurring in the p 4 layer and 
(2) degradation in open circuit voltage at low light levels 
due to increased leakage occurring only after the junction 
edge is exposed to bright light. Most of these photon 
effects are attributed to defects in the Si. 


TITLE: Effect of Copper Impurity on Polycrystalline 

Silicon Solar Cells 
AUTHOR: T. Daud and KM Koliwad 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION : 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 5 8, 
1978, Conference Record. (A79 40881 
17-44) New York, p. 503-506 

ABSTRACT: The presence of copper impurity, up to 10*-* 

atoms/cc, in single crystal Si has been shown to have no 
deleterious effect on the p n junction solar cell perfor 
mince. However, in po 1 yc ry s t a 1 1 i ne Si, copper atoms tend 
to migrate to the defect sites because of the structural 
sensitive properties of copper. This study was undertaken 
to investigate the influence of this behavior of copper 
impurity on the performance of p n junction solar cells 
fabricated from structurally imperfect Si. Two sets of 
polycrystalline Si substrates containing copper were exam 
ined. In one set of samples, copper was incorporated 
during growth, whereas in the other, copper was diffused. 
Solar cells were fabricated on both the sets of substrates 
by a standard process. Dark and light IV and spectral 
response characteristics of the cells were measured and 
compared with copper free po 1 yc rys t a 11 i ne Si solar cells. 
The results and the model are discussed. 


TITLE: Effect of Multiblade Slurry Saw Induced Damage on 

Silicon Solar Cells 

AUTHOR: T. Daud, J K. Liu, G . A . Pollock, and K.M. Koliwad 

CORPORATE AUTH: Jet Propulsion Laboratory 


MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79-40881 
17-44) New York, 1978, p. 142 146 

ABSTRACT: A correlation between the optimum etch loss and 

the depth of damage Is established using wafers produced 
by the MBS and the ID saws. The observations are based on 
the measurement of the performance of solar cells fahrl 
cated on these wafers. Sample preparation and test results 
are described and the following conclusions are made: 

(1) the amount of silicon removal necessary for optimum 
solar cell performance coincides with the depth of saw 
Induced damage; (2) optimization of cell performance is 
not affected by the method of Si removal; (3) sawing 
conditions should be optimized to minimize the extent of 
saw Induced damage; (4) the MBS saw is found to induce 
damage to a lesser extent; (5) since the extent of damage 
in MBS sawn wafers is in the limit of etch loss required 
In texture etching, it Is possible to achieve optimum 
Improvement in cell performance by merely texture etching 
the surface of as-sawn wafers. 


TITLE: Environmental Qualification Testing of Terrestrial 

Solar Cell Modules 

AUTHOR: A . R . Hoffman and R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 5 8, 
1978, Conference Record. < A 7 9 40881 
17-44) New York, 1978, p. 835-842 

ABSTRACT: The placement of solar cell modules in various 

climates and locations throughout the world results in 
different degrees and combinations of environmental 
stresses. Coupled with a design lifetime goal of 20 yrs, 
early detection and correction of module design deficien 
cles can result in significantly better long term econom 
ics. This paper describes an environmental test research 
program for developing qualification requirements and pro 
cedures foe flat-plate solar cell modules. A multiple 
iterative approach for establishing and evaluating test 
requirements is discussed as well as the rationale for the 
selection of levels and durations for the current quallfl 
cation tests. The status of study efforts involving 
optical surface soiling, encapsulation de l ami nat ion , and 
voltage bias humidity testing is reviewed. 


TITLE: Photovoltaic Design Optimization for Terrestrial 

Appl Ications 
AUTHOR: R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79 408B1 
17-44) New York, 1978, p. 1067 1073 

ABSTRACT: As part of JPL's LSA Project, a comprehensive 

program of module cost-optimization has been carried out. 
The objective of these studies has been to define means of 
reducing the cost and improving the utility and reliabil 
1 ty of PV modules for the broad spectrum of terrestrial 
applications. This paper describes one of the methods 
being used for module optimization, including the derive 
tion of specific equations which allow the optimization of 
various module design features. The method is based on 
minimizing the life- cycle cost of energy for the complete 
system. Comparison of the life cycle energy cost with the 
marginal cost of energy each year allows the logical plant 
lifetime to be determined. The equations derived allow 
the explicit inclusion of design parameters such as track 
ing, site variability, and module degradation with time. 

An example problem involving the selection of an optimum 
module glass substrate is presented. 

TITLE: The Effects of Copper and Titanium on Silicon 

Solar Cells 
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AUTHOR: A.M. Salama 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79-40881 
17-44) New York, 1978, p. 496 502 

ABSTRACT: Copper-doped n/p Si solar cells fabricated from 

the Cz grown single crystal wafers were found to have good 
electrical characteristics, but the titanium doped n/p Si 
solar cells has considerably lower conversion efficiency. 
However, in the copper/titanium doped solar cells, copper 
seems to mitigate the unfavorable effects of titanium. To 
explain this behavior, microstructur al tests were performed 
on Si wafers and solar cells doped with copper, titanium 
and copper/titanium. Dark forward and reverse IV measure 
ments were performed on the solar cells to correlate the 
microstruc tural defects with the p n junction properties, 

It was found that copper precipitates were formed in the 
copper doped and copper/titanium doped wafers and cells. 
There was a significant voltage drop in the dark reverse 
I-V measurements of the titanium solar cells. Also, there 
were some electronically active defects In the depletion 
region of some titanium doped cells. Reasons that lead to 
the above results are given in detail. 


TITLE: Some Failure Modes and Analysis Techniques for 

Terrestrial Solar Cell Modules 
AUTHOR: A. Shumka and K.H. Stern 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C. , June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 824 834 

ABSTRACT: Analysis data are presented on f a 1 led /def ect 1 ve 

Si solar cell modules of various types and produced by dif- 
ferent manufacturers. The failure mode (eg, internal 
short and open circuits, output power degradation, isola 
tlon resistance degradation, etc.) are discussed in detail 
and in many cases related to the type of technology used 
in the manufacture of the modules; wherever applicable, 
appropriate corrective actions are recommended. Considera 
tlon Is also given to some failure analysis techniques that 
are applicable to such modules, Including x ray radlog 
raphy, capacitance measurement, cell shunt resistance 
measurement by the shadowing technique, steady state ilium 
ination test station for module performance illumination, 
laser scanning techniques, and the SEH. 


TITLE: Effects of Design on Cost of Flat-Plate Solar 

Photovoltaic Arrays for Terrestrial Central 
Station Power Applications 
AUTHOR: P. Tsou and W. Stolte 

CORPORATE AUTH: Jet Propulsion Laboratory; Bechtel 

International Corp. , San Francisco, 

Cal i f orn i a 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C,, June 5 8, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 1196 1201 

ABSTRACT: The paper examines the impact of module and 

array designs on the balance of plant, costs for flat plate 
terrestrial central station power applications. Considera 
tion Is given to the following types of arrays: horizon 
tal, tandem, augmented, till adjusted, and E W tracking 
The life cycle cost of a 20 yr plant, life serves as the 
costing criteria for making design and cost tradeoffs. A 
tailored code of accounts is developed for determining 
consistent PV power plant costs and providing credible PV 
system cost baselines for flat plate module and array 
designs by costing several varying array design approaches. 


TITLE: Evaluations of Candidate Encapsulation Designs and 

Materials for Low Cost Silicon Photovoltaic Arrays 
AUTHOR: G.B. Gaines, D.C. Carmichael, FA. Sliemers, 

M. Brockway, A. Bunk, and C.F. Nance 


CORPORATE AUTH: Bettelle Columbus Labs., Ohio. 

MEETING LOCATION: I3th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 615 619 

ABSTRACT: Three encapsulation designs for Si PV arrays 

based on cells with silk screened Ag metallization have 
been evaluated: transparent polymeric coatings over cells 
laminated between two films or sheets of polymeric mate 
rials; cells adhesively bonded to a glass cover with a 
polymer pottant and a glass or other substrate component. 
Silicone and acrylic coatings were assessed, together with 
acrylic sheet, 0.635 mm fiberglass reinforced polyester 
sheet, 0.10? mm pol ycarbonate/acryl 1 c dual layer film, 
0.127 mm fluorocarbon film, soda lime glass, boroslllcate 
glass, low iron glass, and several adhesives. The encap 
sulation materials were characterized by light transmit 
tance measurements, determination of moisture barrier 
properties and bond strengths, and by the performance of 
cells before and after encapsulation. Si and acrylic 
coatings provided inadequate protection. Acrylic and 
fluorocarbon films displayed good weatherabl 1 i ty and 
acceptable optical transmittance. Boroslllcate, low iron 
and soda lime float glasses were found to be acceptable 
candidate encapsulants for most environments. 


TITLE: Performance Degradation Mechanisms and Modes in 

Terrestrial Photovoltaic Arrays and Technology for 
The i r Di agnos i s 

AUTHOR: G.T. Noel, FA. Sliemers, G.C. Derrlner, 

V . E , Wood, K.E. Wilkes, G.B. Gaines, and 
D.C. Carmichael 

CORPORATE AUTH: Battelle Columbus Labs., Ohio 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 817 873 

ABSTRACT: Accelerated life prediction test methodologies 

have been developed for the validation of a 20 yr service 
life for low cost PV arrays Array failure modes, relevant 
materials property changes, and primary degradation mechan 
isms are discussed as a prerequisite to identifying suit 
able measurement techniques and instruments. Measurements 
must provide sufficient confidence to permit selection 
among alternative designs and materials and to stimulate 
widespread deployment of such arrays. Furthermore, the 
diversity of candidate materials and designs, and the 
variety of potential environmental stress combinations, 
degradation morhsniams and failure modes require that com 
binations o* measurement techniques be identified which 
are suitable for she characterization of various encapsti 
lation system mil structure environment combinations. 

TITLE: Directional Solidification of Crack Free Silicon 

Ingots by Heat Exchanger Method 
AUTHOR: C.P. Khatt ak and F. Schmid 

CORPORATE AUTH: Crystal Systems, Inc., Salem, 

Massachusetts 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, DC., June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 137-141 

ARSTRACT: Si crystals are being grown for PV applications 

by a directional solidification casting technique. One of 
the major problems in casting Si in silica crucibles is t he 
cracking of the ingot during the cooling cycle. Graded 
crucibles have been developed which delaminate thereby 
eliminating cracking of the case Si. Boules as large as 
3-1/2 Kg have been solidified with a high degree of 
crystallinity The origin of Si carbide formed at high 
temperatures in vacuum has been attributed to the use of 
silica crucibles in contact with graphite retainers 
Solar cells fabricated out of the case Si have shown 
conversion efficiencies of up to 1 4t, (AMI). 
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TITLE: Advances In the Dow Corning Process for 

Solar-Grade Silicon 

AUTHOR: L.P. Hunt, V.D. Dosa j , J.R. McCormick, and 

A.W. Rauchholz. 

CORPORATE AUTH: Dow Corning Corp. , Hemlock, Michigan 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C. , June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 333-338 

ABSTRACT: The Dow Corning process consists of the car- 

bothermlc reduction of silica to produce Si that Is then 
purified by unidirectional solidification. The process 
has produced Si of semiconductor quality with respect to 
all elements except boron and phosphorus at about 10 ppma 
and aluminum at 0.1 ppma. Solar cells produced from this 
Si gave AMO conversion efficiencies of 11%. A process 
cost analysis Is presented. 


TITLE: Development of a Shingle Type Solar Cell Module 

AUTHOR: N.F. Shepard, Jr. and L.E. Sanchez 

CORPORATE AUTH: General Electric Co., Philadelphia, 

Pennsylvania; Jet Propulsion Laboratory 
MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, 1878, p. 160 164 

ABSTRACT: The development of a solar cell module, which 

is suitable for use In place of shingles on the sloping 
roofs of residential or commercial buildings, is reported. 
The design consists of nineteen series connected 53 mm dia 
solar cells arranged in a closely packed hexagon configure 
tlon. The shingle solar cell module consists of two basic 
functional parts: an exposed rigid portion which contains 
the solar cell assembly, and a semi- flexible portion which 
is overlapped by the higher courses of the roof installa- 
tion. Consideration is given to the semi flexible sub 
strate configuration and solar cell and module to module 
interconnectors. The results of an electrical performance 
analysis are given and it is noted that high specific power 
output can e attributed to the efficient packing of the 
circular cells within the hexagon shape. The shingle 
should function for at least 15 yrs, with a specific power 
output of 98 W/sq m. 


TITLE: Growth, Evaluation and Modeling of 

Silicon on-Ceramic Solar Cells 
AUTHOR: J.D. Zook, S.B. Schuldt, R. Maciolek, and 

J.D. Heaps 

CORPORATE AUTH: Honeywell Corporate Material Sciences 

Center, Bloomington, Minnesota 
MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 472 478 

ABSTRACT: The SOC process uses inexpensive ceramic sub 

strates to provide supported growth of Si from the melt. 

The conditions for unidirectional solidification, the 
grain structure and other properties are quite similar to 
those of EFG Si ribbon. Solar cells with interdigital 
electrodes have demonstrated AMI conversion efficiencies 
(active area) of 7.8% without AR coatings and 10.1% effi 
clencies with an AR coating of SiO. Mathematical modeling 
of the series resistance of cells shows the feasibility of 
making electrical contact to the base layer of the cell 
through slots in the substrate. However, series resis- 
tance in the base layer sets an upper limit on slot spacing 
for efficient cell performance. 


TITLE: Multiple Silicon Ribbon Crowth by EFG 

AUTHOR: B.H. Mackintosh, T. Surek, J.P. Kalejs, 

E.M. Sachs, S. Nagy, and F.V. Wald 
CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusetts 


MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 350 357 

ABSTRACT: The background and progress to date of EFG 

ribbon growth for solar cell applications are briefly 
reviewed. The design and operation of a multiple ribbon 
per-operator manufacturing system are then described. 
Results are presented of cost studies of this system at 
three stages of development. In the latter stage, be- 
lieved to be attainable by 1986, conversion costs for 
polycrystalline Si into wafers are attained which are 
consistent with manufacture of PV systems at $0.50/W p . 
Principal technological problems in the ribbon growth 
process are discussed. 


TITLE: The Impact of Defects on the Photovoltaic 

Potential of RTR Silicon Ribbon 
AUTHOR: A. Baghdadi, R.H. Gurtler, R.N. Legge, 

R.J. Ellis, and B.L. Soporl 
CORPORATE AUTH: Motorola, Inc., Phoenix, Arizona 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 363 369 

ABSTRACT: Si ribbon grown at a high rate by the RTR method 

contains a variety of defects and can exhibit an unusual 
dendritic morphology. This paper is a study of the effect 
of the defect structure and dendritic morphology on the PV 
potential of RTR ribbon. Defects found in RTR ribbon in 
elude grain boundaries, twin planes, stacking faults and 
dislocations. The electrical activity of these defects is 
investigated by measuring the diffusion length in the 
ribbon; by fabricating small area diodes on the ribbon and 
evaluating their photoresponse; and by using a scanning 
electron microscope in the electron beam induced current 
mode. It is concluded that although grain boundaries 
serve very effectively as recombination centers, they do 
not occur frequently enough in RTR ribbons to significantly 
affect the generation current. Dislocation densities up 
to 1 ,000,000/sq cm can be tolerated without strongly reduc 
ing the photoresponse. Similarly, linear boundaries such 
as twin planes or stacking faults do not affect the cell 
performance up to densities of 1000/sq cm. 


TITLE: The Pd 2 Sl Pd Ni-Solder Plated Metallization 

System for Silicon Solar Cells 
AUTHOR: M.G. Coleman, R.A. Pryor, and T.G. Sparks 

CORPORATE AUTH: Motorola, Inc., Phoenix, Arizona 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A?9 40881 
17-44) New York, 1978, p. 597 602 

ABSTRACT: The rationale and application of a plated metal 

system, Pd 2 Sl Pd - Nl - solder, is presented. This metal 
llzation system is particularly useful on shallow p n junc- 
tion solar cells. The advantages of such plated solar cell 
contacts are discussed. A process sequence for applying 
the metallization system is outlined. A specific example 
is presented, including chemical plating solution formula 
tlons and detailed process step descriptions. Electrical 
test data for solar cells metallized with the palladium 
n i eke 1- solder system are provided. 


TITLE: Analysis of ID Saw Slicing of Silicon for Low Cost 

Solar Cells 

AUTHOR: H. Yoo , R.G. Schwartz, and P.A. lies 

CORPORATE AUTH: Optical Coating Laboratory, Inc., City of 

Industry, California 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 5-8, 
1978, Conference Record. (A79-40881 
17-44) New York, 1978, p. 147 151 
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ABSTRACT: A brief description of three Si slicing methods 

using HBS , ID, and MVS saws is given. Attention is given 
to the ID method because it is considered the baseline 
method used by most of the Si industry. Mechanical wafer 
parameters, such as thickness variations, taper, bow and 
roughness are considerably better for wafers sliced with 
the ID saw and MWS saw than for those with the HBS saw. 
Wafers sawn with the ID saw showed slightly better param 
eters than those with the MWS saw. Cost assessment also 
indicated that the ID saw slicing is more favorable and 
Its capability of automation adds advantage over the other 
two methods. Further reduction in wafering cost can be 
expected by increasing machine productivity end decreasing 
kerf width by ganging blades, programmed cutting, use of 
thinner blades and a rotating crystal system. 


TITLE: Characterization of Nonideal Silicon in Terms of 

Lifetime and Diffusion Length 
AUTHOR: S. Othmer and S.C. Chen 

CORPORATE AUTH: Northrop Research and Technology Center, 

Palos Verdes Peninsula, California 
MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record (A79 40881 
17-44 ) New York, 1978, p. 1238-1243 

ABSTRACT: Experimental methods have been evaluated for 

the determination of lifetime and diffusion length In Si 
intentionally doped with potentially lifetime degrading 
Impurities which may be present in low coat Si intended 
for use in terrestrial flat plate arrays. Results obtained 
with these methods have been compared for mutual consls 
tency. The effects of a number of impurities on bulk 
lifetime were determined from steady state photoconduc 
tlvlty, and solar cells fabricated from this material were 
characterized in terms of diffusion length using a pene 
trating light technique. Comparison was made with results 
obtained by others using photoconductivity decay. General 
agreement was found in terms of the hierachy of impurities 
to which the lifetime is sensitive The utility of the 
steady state photoconductivity method is established even 
in the presence of considerable trapping. 


TITLE: Test and Evaluation of Silicon Cells Optimized for 

High Efficiency Under Concentrated Sunlight 
AUTHOR: J. Castle, P. Payne, E. Aerni, and P. Stella 
CORPORATE AUTH: Spectrolab, Inc., Sylmar, California; Jet 

Propulsion Laboratory 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, DC., June 58, 
1978, Conference Record. (A79 40881 
17 44) New York, 1978, p. 810 816 

ABSTRACT: An internal Spectrolab development task is being 

directed at determining performance characteristics of Si 
n/p concentrator solar cells The cells being developed 
utilize advanced design and processing technology, which 
includes utilization of back surface fields, back surface 
reflectors, textured front surfaces, improved front contact 
geometry masks, and dual AR coatings Selected performance 
characteristics obtained from this work are presented. Ef 
ficlencles of 18.6* at 28 C have been obtained on 2 x 2 cm 
size cells measured under concentrated simulated sunlight. 
Efficiencies exceeding 10* at 10 W/sq cm <100 AMI) solar 
constants) at a cell temperature of 100 C has also been 
obtained. Other performance characteristics addressed and 
evaluated In this program include the efficiency tempera 
ture coefficient and open circuit voltage sensitivity with 
concentration and temperature. 

TITLE: A 1982 Low Cost Photovoltaic Module Factory Study 

AUTHOR: B.G. Carbajal 

CORPORATE AUTH: Texas Instruments, Inc., Dallas, Texas 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79-40881 
17 44) New York, 1978, p. 252 256 


ABSTRACT: An analysis of a 1982 Solar PV Factory was made 

to determine the feasibility of achieving a $2.00/W sel 
ling price in 1982. The study concluded that an aggres 
slve goal oriented program could achieve the target price 
with a production rate in the range of 25-30 MW/yr. 


TITLE: Preliminary Process Design and Economics of 

Low Cost Solar Grade Silicon Production 
AUTHOR: W.C. Brenman , E.G. Farrier, and H. Morihara 

CORPORATE AUTH: Union Carbide Corp., Sisterville, West 

Virginia; Union Carbide Corp., Tonawanda, 
New York 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 5 8, 
1978, Conference Record. (A79 40B81 
17-44) New York, 1978, p. 339 343 

ABSTRACT: This process will produce high purity Si on a 

high -volume low cost basis. It uses the catalyzed reac 
tion of hydrogen and Si tetrachloride with metallurgical 
Si to produce tr i chloros 1 lane . The tr 1 chloros 1 lane is 
converted to silane and recycled Si tetrachloride using a 
disproportionation reaction combined with distillation. 

The high purity silane is pyrolyzed to Si in either gas 
phase decomposition or in a fluid-bed reactor which de 
posits a dense plate of Si on seed particles. The process 
design, which includes redundant purification techniques 
to assure product quality, was demonstrated in small scale 
apparatus. The product cost is forecast at well under 
*10/kg at a scale of 1000 MT/yr. 


TITLE: Efficient Polycrystalline Solar Cells Made from 

Low Cost Refined Metallurgical Silicon 
AUTHOR: J.I. Hanoka, H.B. Strock, and P.S. Kotval 

CORPORATE AUTH: Union Carbide Technical Center, 

Tarrytown, New York 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 5 8. 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 485 489. 

ABSTRACT: A key element in reaching the goal of low cost 

terrestrial solar cells is the availability of an inexpen 
sive substrate material. Polycrystalline substrates made 
from refined metallurgical Si are an attractive candidate. 
Accordingly, a low cost process for producing RMS has been 
developed. The resulting RMS substrate material is p type 
with resistivity of about 0.1 ohm cm; major impurities are 
Fe, Ti , Cu, C, Al, 8, and P. Diffused junction solar 
cells (n + p structure) have been fabricated on polycrys 
talline RMS substrates. AMI efficiencies as high as 8.5* 
on cells of 4 sq cm area have been obtained with fill far 
tors of 72* and diode quality factors n = 1.56 and J Q - 
1.3 i 10 - ® A/sq cm. An explanation for the rather high 
efficiencies obtained is suggested in which impurity segre 
R»t ion at the grain boundaries, including twin boundaries, 
plays a major role. 

TITLE: Design Considerations for Silicon HLE Solar Cells 

AUTHOR: F.A. Lindholm, A. Neugroschel, J.G. Fossum, and 

C.T Sah 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida; Sandla National Labs., 
Albuquerque, New Mexico; Illinois Univ 
Urbana, Illinois 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, DC., June 5 8, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 1300 1305 

ABSTRACT: The high low (H L> Junction in the emitter 

region that defines the high low junction emitter (HLE) 
solar cell suppresses the dark emitter recombination cur 
rent Jg so that the base recombination current dominates 
in determining the open-circuit voltage. For Si cells 
this enables the achievement of considerably larger values 
of open circuit voltage than those achievable in conven 
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tlonal structures. This paper describes experiments that 
demonstrate the achievement of Jg suppression (to less 
than 5 x 10 -1 * A/sq cm) and large open-circuit voltage 
(640 mV) in RLE test cells of two distinct types. In the 
first type (the diffused RLE structure) impurity diffusion 
forms the H-L junction In the emitter; in the second type 
(the oxide -charge- Induced HLE structure) the H L junction 
is formed in emitter material of relatively low doping con- 
centration by an oxide-charge- 1 nduced electron accumula 
tlon layer. 


TITLE: Evaluation of Options for Process Sequences In 

Solar Cell Manufacturing 
AUTHOR: H. Wolf, H.M. Goldman, and AC. Lawson 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania; Jet Propulsion Laboratory 
MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 5-8, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p. 271 280 

ABSTRACT: A methodology is being developed to ease the 

comparative evaluation of competing options In the process 
sequence for the manufacture of PV solar energy utilization 
systems. This evaluation will largely involve process 
economic analyses but will place equal emphasis on other 
characteristics, including energy consumption and environ- 
mental effects of the process options. Early analyses 
have been performed for the energy consumption In the arc 
furnace reduction of SiOj, for the costs and energy con 
sumption In Cz crystal pulling and various slicing proces 
ses, and for the total energy consumption of process 
sequence through the completed module. 


TITLE: Characterization of the Effects of Metallic 

Impurities on Silicon Solar Cell Performance 
AUTHOR: J.R. Davis, A. Rohatgl, P. Ra 1 - Choudhury , 

P. Blais, R.H. Hopkins, and J.R. McCormick 
CORPORATE AUTH: Westlnghouse Research and Development 

Center, Pittsburgh, Pennsylvania; Dow 
Corning Corp., Midland, Michigan 
MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, D.C., June 58, 
1978, Conference Record. (A79 40881 
17-44) New York, 1978, p 490 495 

ABSTRACT: The effects of controlled concentrations of 

secondary Impurities (Al, C, Ca, Cr , Cu , Fe , Mg, Mn, Mo, 

Ta, Tl, V, Zn, snd Zr), incorporated alone or in comblna 
tions into Cz and float zone crystals, on the performance 
of Si solar cells were Investigated Impurity concentra 
tions ranged from 10 11 to 10 1? /cu cm. Solar cells 
were fabricated by a conventional diffusion process and 
characterized by computer reduction of current voltage 
data. The data suggest that performance loss primarily 
results from reduction of the base diffusion length. On 
the basis of this assumption, a first order analytic model 
which predicts cell performance as a function of impurity 
concentrations Is developed. Calculated performance param 
eters are in good agreement with observation, except for 
some impurities, such as Fe , Cu and Ni , which degrade cells 
via recombination and defects in the junction space charge 
region. N base devices are less affected by impurities, 
although degradation mechanisms appear to be the same as 
in p devices. There seems to be very limited interaction 
between impurities in multiply doped cells. 


TITLE: Computer Modeling of Dendritic Web Growth 

Processes and Characterization of the Material 
AUTHOR: R.G. Se 1 dens 1 1c ker , R E. Kothmann, J.P. McHugh. 

C.S. Duncan, R.H. Hopkins, P.D. Blais, 

J.R. Davis, and A. Rohatgl 

CORPORATE AUTH: WesHnghouse Electric Corp., Pittsburgh, 

Pennsy 1 vani a 

MEETING LOCATION: 13th IEEE Photovoltaic Specialists 

Conference, Washington, DC., June 5 8, 
1978, Conference Record. (A79 408B1 
17-44) New York, 1978, p. 358 362 


ABSTRACT: High area throughput rate will be required for 

the economical production of Si dendritic web for solar 
cells. Web width depends largely on the temperature dis- 
tribution on the melt surfsce while growth speed is con- 
trolled by the dissipation of the latent heat of fusion. 
Thermal models were developed to investigate each of these 
aspects, snd were used to engineer the design of labora 
tory equipment capable of producing crystals over 4 cm 
wide; growth speeds up to 10 cm/min were achieved. The 
web crystals were characterized by resistivity, lifetime 
and etch pit density data as well as by detailed solar 
cell I-V data. Solar cells ranged In efficiency from 
about 10 to 14.5% (AM-1) depending on growth conditions. 
Cells with lower efficiency displayed lowered bulk life 
time believed to be due to surface contamination. 


TITLE: Casting Large Silicon Crystals in Clear Silica 

Crucibles 

AUTHOR: C.P. Khattak and F. Schmid 

CORPORATE AUTH: Crystal Systems, Inc., Salem, 

Massachusetts 

PUBLICATION: American Ceramic Society Bulletin, vol . 57, 

June 1978, p. 609 610 

ABSTRACT: None. 


TITLE: High-Purity Silicon for Solar Cell Applications 

AUTHOR: V. D . Dosaj , L.P. Hunt, and A. Schel 

CORPORATE AUTH: Dow Corning Corp., Midland, Michigan; 

Elkem Splgerverket A/S (Norway) 
PUBLICATION: Journal of Metals, vol. 30, June 1978, 

p. 8-13 

ABSTRACT: The article discusses the production of solar 

cells from high purity Si. The process consists of reduc- 
ing the level of impurities in the raw materials, prevent- 
ing material contamination before and after entering the 
furnace, and performing orders of magnitude reduction of 
metal impurity concentrations. The high purity raw mate 
rials are considered with reference to carbon reductants, 
silica, and graphite electrodes. Attention is also given 
to smelting experiments used to demonstrate, in an experi 
mental-scale furnace, the production of high purity SoG Si. 
It is found that high purity Si may be produced from high 
purity quartz and chemically purified charcoal In a 50 kVA 
arc furnace. The major contamination source is shown to 
be impurities from the carbon reducing materials. 

TITLE: A Simple Theory of Back Surface Field Solar Cells 

AUTHOR: O. Von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Applied Physics, vol. 49, June 

1978, p. 3503 3511 

ABSTRACT: A theory of an n p p + junction is developed, 

entirely based on Shockley's depletion layer approxlma 
tion. Under the further assumption of uniform doping the 
electrical characteristics of solar cells as a function of 
all relevant parameters (cell thickness, diffusion lengths, 
etc.) can quickly be ascertained with a minimum of computer 
time. Two effects contribute to the superior performance 
of a BSF cell (n p-p* junction) as compared to nn 
ordinary solar cell (n-p junction). The sharing of the 
applied voltage among the two junctions (the n p and the 
p-p 4 junction) decreases the dark current and the refiec 
tion of minority carriers by the built in electron field 
of the p p + junction increases the short circuit current. 
The theory predicts an increase in the V QC with a de 
crease in cell thickness. Although the short circuit 
current decreases at the same time, the efficiency of the 
cell is virtually unaltered in going from a thickness of 
200 microns to a thickness of 50 microns. The importance 
of this fact for space missions where large power to 
weight ratios are required is obvious. 
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TITLE: Theoretical Analysis of Heat Flow in Horizontal 

Ribbon Growth from a Melt - Silicon Metal 
AUTHOR: J.A. Zoutendyk 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Applied Physics, vol . 49, July 

1978, p. 3927 3932 

ABSTRACT: A theoretical heat flow analysis for horizontal 

ribbon growth Is presented. Equations are derived relating 
pull speed, ribbon thickness, thermal gradient in the melt, 
and melt temperature for limiting cases of heat removal by 
radiation only and Isothermal heat removal from the solid 
surface over the melt. Geometrical cross sections of the 
growth zone are shown to be triangular and nearly para- 
bolic for the two respective cases. Theoretical pull 
speed for silicon ribbon 0.01 cm thick, where the loss of 
latent heat of fusion is by radiation to ambient tempera 
ture (300 K) only, is shown to be 1 cm/sec for horizontal 
growth extending 2 cm over the melt and with no heat con 
ductlon either to or from the melt. Further enhancement 
of ribbon growth rate by placing cooling blocks adjacent 
to the top surface is shown to be theoretically possible. 


TITLE: Emitter Current Suppression in a High Low Junction 

Emitter Solar Cell Using an Oxide Charge Induced 
Electron Accumulation Layer 
AUTHOR: A. Neugroschel, F.A. Lindholm, S.C. Pao, and 

J.G. Fossum 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida 

PUBLICATION: Applied Physics Letters, vol. 33, July 15, 

1978, p. 168 170 

ABSTRACT: None. 


TITLE: The Application of Photovoltaic Roof Shingles to 

Residential and Commercial Buildings 
AUTHOR: N.F. Shepard, Jr end L.E. Sanchez 

CORPORATE AUTH: General Electric Co., Philadelphia, 

Pennsylvania; Jet Propulsion Laboratory 
MEETING LOCATION: Intersociety Energy Conversion 

Engineering Conference, 13th, San 
Diego, California, Aug. 20-25, 1978, 
Proceedings. Vol. 2 (A79 10001 01-44) 
Warrendale, Pennsylvania, Society of 
Automotive Engineers, Inc., 1978, 
p. 1582 1587 

ABSTRACT: The recent development of a shingle type solar 

cell module makes It possible to incorporate easily PV 
power generation into the sloping roofs of residential or 
commerc l al buildings. These modules, which use a closely 
packed array of nineteen 53 mm dla circular solar cells, 
are capable of producing 101 W/sq m of module area under 
standard operating conditions. This module performance is 
achievable by the use of solar cells with an average effi 
clency of 13.3% at 1 kW/sq m AMI. 5 insolation and at a cell 
temperature of 28 C. When these modules are mounted on a 
sloping south-facing roof which is insulated on the rear 
surface, the annual energy generated at the maximum power 
operating point will vary from 255.6 to 137.3 kWh/sq m of 
module area depending on the site location, with Albuquer 
que. New Mexico, and Seattle, Washington, representing the 
highest and lowest values of the thirteen sites considered. 

TITLE: Analysis of the Interaction of on Electron Beam 

With a Solar Cell. I. II 
AUTHOR: O. Von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Solid-State Electronics, vol. 21, Aug. 1978, 

p. 1063-1067, 1069 1077 

ABSTRACT: The short circuit current generated by the elec- 

tron beam of a scanning electron microscope when it 1m 
pinges on the n p junction of a solar cell is known to be 
dependent on the configuration used to investigate the 
cell's response, and the situation for one specific config 


uratlon Is analyzed This configuration Is the case in 
which the highly collimated electron beam strikes the edge 
of a planar junction a variable distance away from the edge 
of the depletion layer. An earlier treatment Is general- 
ized to encompass the ohmic contact at the back surface. 

The analysis employing Fourier and Wtener-Hopf techniques 
shows that it is impractical to determine the bulk diffu 
slon length of a solar cell by a SEM used in the studied 
configuration unless the ohmic contact Is partially 
removed . 


TITLE: Defect Distribution Near the Surface of 

Electron Irradiated Silicon 
AUTHOR: K.L. Wang, Y.H. Lee, and J.W. Corbett 

CORPORATE AUTH: General Electric Co., Schenectady, New 

York; New York State Unlv., Albany, New 
York 

PUBLICATION: Applied Physics Letters, vol. 33, Sept. 15, 

1978, p. 547, 548 

ABSTRACT: The surf ace- def ect distributions of electron 

irradiated n type Si have been investigated using a tran 
sient capacitance technique. Schottky, p n junction, and 
MOS structures were used In profiling the defect distribu 
t Ions . Surface depletions of defects observed were att.rlb 
uted to the vacancy distribution, but not that of oxygen, 
and other capture centers' distributions. The vacancy dif- 
fusion length nt 300 K was estimated to be about 3-6 
m i c rons . 


TITLE: Effect of Grain Boundaries In Silicon on 

M i nor i t y- Carr i er Diffusion Length and Solar Cell 
Ef f i c i ency 

AUTHOR: T. Daud, K.M. Koliwad, and F.G. Allen 

CORPORATE AUTH: Jet Propulsion Laboratory; University of 

California, Loa Angeles, California 
PUBLICATION: Applied Physics Letters, vol. 33, Dec 15, 

1978, p. 1009-1011. 

ABSTRACT: The spatial variation of minority carrier diffu 

sion length in the vicinity of a grain boundary for a poly 
crystalline Si sheet has been measured by the use of the 
EB 1C technique The effect of such a variation on solar 
cell output has then been computed as a function of grain 
size. Calculations show that the cell output drops con 
siderably for grain size smaller than three times the bulk 
diffusion length. 


TITLE: Low Cost Encapsulation Materials for Terrestrial 

Solar Cell Modules 

AUTHOR: E.F. Cuddlhy, B. Baum, and P. Willis 

CORPORATE AUTH: Jet Propulsion Laboratory; Springborn 

Laboratories, Inc., Enfield, Connecticut 
PUBLICATION: Solar Energy, vol. 22, no. 4, 19)9, 

p. 389- 396 

ABSTRACT: The paper presents the findings of material stir 

veys Intended to identify low cost materials which could 
be functional as encapsulants (by 1986) for terrestrial 
solar cell modules. Economic analyses have indicated that 
in order to meet the low cost goal of $2.70 m^, some or 
all of the following material technologies must be devel 
oped or advanced: (1) UV screening outer covers; (2) elas 
tomerlc acrylics; (3) weatherproofing and water proofing 
of structural wood and paper products; (4) transparent UV 
stabilizers for the UV sensitive transparent pottants; and 
(5) cos t ef f oc t i ve utilization of silicone and fluoro 
carbon mater i a 1 s . 


TITLE: New Technologies for Solar Energy Silicon - Cost 

Analysis of UCC Silane Process 
AUTHOR: C.L Yaws, F.C. Jtlen, K.-Y. Li, H.P. Patel, and 

C.S Fang 

CORPORATE AUTH Lamar University, Beaumont, Texas; 

Southwestern Louisiana, University, 
Lafayette, Louisiana 
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PUBLICATION: Solar Energy, vol . 22, no. 6, 1979, 

p. 547553 

ABSTRACT: A preliminary process design was performed to 

provide detailed data for cost analysis. The design was 
based on a plant size of 1000 HT/yr production of solar 
cell grade Si. Cost and sensitivity analysis results are 
presented for producing Si which Includes costs for raw 
materials, labor, utilities, and other Items composing 
product cost. For sensitivity analysis, the order of cost 
parameter influence on product cost is given by plant 
investment, raw materials, labor, and utilities. A cost 
and profitability analysis summary is also presented 
including sales price of polysilicon at various rates of 
return on investment. 


TITLE: On the Determination of Diffusion Lengths by Means 

of Angle Lapped p n Junctions 
AUTHOR: 0. Von Roos 

CORPORATE AUTH : Jet Propulsion Laboratory 

PUBLICATION: Solid-State Electronics, vol. 22, Jan. 1979, 

p. 113, 114 

ABSTRACT: A standard procedure for determining the minor 

ity carrier diffusion length by means of SEM consists of 
scanning an angle lapped surface of a p n junction and 
measuring the resulting short circuit current as a func 
tlon of beam position. The present paper points out that 
the usual expression linking the short circuit current 
induced by the electron beam to the angle between the 
semiconductor surface and the junction plane is incorrect. 
The correct expression Is discussed and It is noted that, 
for angles less than 10 deg, the new and the old expres 
sion are practically indistinguishable. 


TITLE: Structural Cost Optimization of Photovoltaic 

Central Power Station Modules and Support Structure 
AUTHOR: P.D. Sutton, W.J. Stolte, and R. Marsh 

CORPORATE AUTH: Jet Propulsion Laboratory; Bechtel 

International Corp., San Francisco, 

Cal i f orn i a 

MEETING LOCATION: American Society of Mechanical 

Engineers, Gas Turbine Conference and 
Exhibit and Solar Energy Conference, 

San Diego, California, Mar. 12-15, 

1979, 8 p 

ABSTRACT: The results of a comprehensive study of PV mod 

ule structural support concepts for PV central power sta 
tions and their associated costs are presented. The objec 
tive of the study has been the identification of structural 
cost drivers. Parametric structural design and cost anal 
yses of complete array systems consisting of modules, pri 
mary support structures, and foundations were performed. 
Area related module cost was found to be constant with 
design, size, and loading. A curved glass module concept 
was evaluated and found to have the potential to signifi- 
cantly reduce panel structural costs. Conclusions of the 
study are: array costs do not vary greatly among the de 
signs evaluated; panel and array costs are strongly 
dependent on design loading; and the best support config 
uration is load dependent 


TITLE: Application of the Superposition Principle to 

Solar-Cell Analysis 

AUTHOR: F.A. Lindholm, J.G. Fossum, and E.L. Burgess 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida; Sandla National Labs., 
Albuquerque, New Mexico 

PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED 26, Mar. 1979, p. 165 171 

ABSTRACT: The superposition principle of differential 

equation theory, which applies if and only if the relevant 
boundary value problems are linear, is used to derive the 
widely used shifting approximation that the current 
voltage characteristic of an illuminated solar cell is the 


dark current voltage characteristic shifted by the short 
circuit photocurrent. Analytical methods are presented to 
treat cases where shifting is not strictly valid. Well 
defined conditions necessary for superposition to apply 
are established. For high injection in the base region, 
the method of analysis accurately yields the dependence of 
the open circuit voltage on the short circuit current (or 
the illumination level). 


TITLE: Considerations for Accurately Determining the 

Maximum Power Output of Solar Cells 
AUTHOR: J.W. Lathrop and J. Prince 

CORPORATE AUTH: Clemson University, Clemson, South 

Carolina 

MEETING LOCATION: S0UTHEASTC0N ’79; Proceedings of the 

Region 3 Conference and Exhibit, 
Roanoke, Virginia, April 14, 1979. 

(A79 50026 22-31) New York, Institute 
of Electrical and Electronics 
Engineers, Inc., 1979, p. 29-32 

ABSTRACT: The most Important single electrical parameter 

characterizing solar cell performance is Pm, the cell’s 
maximum power output. In order to experimentally deter 
mine Pm it is necessary accurately to control both illumin 
atlon and cell temperature during measurements. Two quite 
different measurement approaches can be used: an equilib 
rlum method and a transient flash method. Both techniques 
are discussed in the paper in detail. 


TITLE: Accelerated Stress Testing of Terrestrial Solar 

Cells 

AUTHOR: J. Prince and J.W. Lathrop 

CORPORATE AUTH: Clemson University, Clemson, South 

Carol l na 

MEETING LOCATION: SOUTHEASTCON '79; Proceedings of the 

Region 3 Conference and Exhibit, 
Roanoke, Virginia, April 14, 1979. 

(A79 50026 22 31) New York, Institute 
of Electrical and Electronics 
Engineers, Inc., 1979, p. 33-36 

ABSTRACT: A program to investigate the reliability charac 

terlstlcs of unencapsulated low cost terrestrial solar 
cells using accelerated stress testing is described. Re 
liability (or parametric degradation) factors appropriate 
to the cell technologies and use conditions were studied 
and a series of accelerated stress tests was synthesized. 
An electrical measurement procedure and a data analysis 
and management system was derived, and stress test fixtur 
ing and material flow procedures were set up after consid 
eratlon was given to the number of cells to be stress 
tested and measured and the nature of the information to 
be obtained from the process. Selected results and con 
elusions are presented. 


TITLE: Design Curves for Non Linear Analysis of 

Simply Supported, Uniformly Loaded Rectangular 
Plates 

AUTHOR: D. Moore 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Structures, Structural Dynamics, and 

Materials Conference, ?0th, St. Louis, 
Missouri, April 46, 1979, Technical 
Papers on Dynamics and Loads. 

(A79 28251 10 39) New York, American 
Institute of Aeronautics and 
Astronautics, Inc., 1979, p. 137 144 

ABSTRACT: Design curves for the non linear analysis of 

simply supported rectangular plates subjected to uniform 
normal pressure loads have been developed. These curves 
yield the center deflection, center stress and corner 
stress in non d imens 1 onel i zed form plotted against a 
dimensionless parameter describing the load intensity. 

The results presented are based on extensive non linear 
finite element analysis employing the ARGUS structural 
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analysis program. Plates with length to width ratios of 
1, 1.5, 2, 3 and 4 are Included. The load range considered 
extends to 1000 times the load at which the behavior of the 
plate becomes significantly non linear. Over the load 
range considered, the analysis shows that the ratio of 
center deflection to plate thickness for a square plate is 
less than 16 to 1, whereas linear theory would predict a 
center deflection 400 times the plate thickness. Likewise, 
the stress is markedly lower than would be predicted by 
linear theory. The present results are shown to be in 
excellent agreement with the classical linear theory up to 
a central deflection to plate thickness ratio of about 
one half. In the non linear regime the present results 
for deflection and stress are in very good agreement with 
the analytical and experimental work of other investl 
gators . 


TITLE: Assessment of Low Cost Manufacturing Process 

Sequences Photovoltaic Solar Arrays 
AUTHOR: R.G. Chamberlain 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: European Congr. on Operations Res., 

Amsterdam, 9 Apr. 1979 

ABSTRACT: An extensive research and development activity 

to reduce the cost of manufacturing PV solar arrays by s 
factor of approximately one hundred Is discussed. Proposed 
and actual manufacturing process descriptions were compared 
to manufacturing costs. An overview of this methodology 
Is presented. 

TITLE: Low Cost, High Efficiency Silicon by Heat 

Exchanger Method and Fixed Abrasive Slicing 
Technique for Solar Cells 
AUTHOR: C.P. Khattak and F. Schmid 

CORPORATE AUTH: Crystal Systems, Inc., Salem, 

Massachusetts 

MEETING LOCATION: Photovoltaic Solar Energy Conference, 

2nd, Berlin, West Germany, April 23-26, 
1979, Proceedings. (A80 46694 
20-44 ) Dordrecht , D. Reldel Publishing 
Co. , 1979 , p. 106 113 

ABSTRACT: The paper describes the HEM for growing Si 

crystals. The problem of ingot cracking was solved by 
using a graded structure silica crucible, and vacuum 
processing eliminated expensive high purity argon. Solar 
cells fabricated from HEM Si demonstrated conversion 
efficiencies up to 151 (AMI) at low cost, using square 
c ros s - sec t i on , single crystal Si. A modified multiblade 
slurry machine was adapted for multiwire fixed abrasive 
slicing of Si which uses a diamond attached to wires; this 
method provides a conversion ratio of 1.08 sq m of wafer/Kg 
of Si ingot, and produces wafers free of edge chipping with 
a surface damage of 35 microns. 


TITLE: Progress on the Dow Corning Process for 

Solar-Grade Silicon 
AUTHOR: L.P. Hunt and V.D Dosaj 

CORPORATE AUTH: Dow Corning Corp , Hemlock, Michigan 

MEETING LOCATION: Photovoltaic Solar Energy Conference, 

2nd, Berlin, West Germany, April 23 26, 
1979, Proceedings. (A80 46694 20 44) 
Dordrecht, D. Reidei Publishing Co, , 

19 79 , p. 98 105 

ABSTRACT: The Dow Corning approach to increasing the 

resistivity of solar-grade SI from about 0.04 ohm cm (40 
ppma B) to greater than 0.1 ohm cm (10 ppms B) involves 
the use of high purity raw materials carbothermlcal ly 
reduced in a specially designed electric arc furnace. 

Final purification occurs during Cz crystal growth of a 
polycrystalline ingot. This small scale purification 
technology has resulted in St that has been fabricated 
into solar cells with a maximum AMI conversion efficiency 
of 13.4%. 


TITLE: A Preliminary Test Case Manufacturing Sequence For 

50^/Watt Solar Photovoltaic Modules In 1986 
AUTHOR: D B. Bickler 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference, 

2nd, Berlin, West Germany, April 23-26, 
1979, Proceedings. (A80 46694 20 44) 
Dordrecht, D. Reldel Publishing Co., 
1979, p. 835 842 

ABSTRACT: The paper describes a test case manufacturing 

process sequence for solar PV modules which will cost 
50#/W in 1986. The process, which starts with the purifi 
cation of Si grown into 75-mm wide thin ribbons, is discus 
sed, and the plant layout is depicted; each department is 
sized to produce 250 MW of modules/yr. The cost of this 
process sequence is compared to present technology at 
various companies showing considerable spread for each 
process; data are tabulated in a composite state of the 
art cell processing cost summary for these processes 


TITLE: Recent Developments in the Economic Modeling of 

Photovoltaic Module Manufacturing 
AUTHOR: R.G. Chamberlain 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference, 

2nd, Berlin, West Germany, April 23 26. 
1979, Proceedings. (A80 -46694 20 44) 
Dordrecht, D. Reldel Publishing Co., 
1979, p. 851 858 

ABSTRACT: Recent developments in the SAMICS are described 

Consideration is given to the added capability to handle 
arbitrary operating schedules and the revised procedure 
for calculation of one-time costs. The results of an 
extensive validation study are summarized. 

TITLE: Encapsulation Materials for Photovoltaic Arrays 

AUTHOR: C. Coulbert 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: The Enigma of the Eighties: 

Environment, Economics, Energy; 
Proceedings of the Twenty fourth 
National Symposium and Exhibition, San 
Francisco, California, May 8 10, 1979. 
Book 2. (A79 43228 18 23) Azusa, 
California, Society for the Advancement 
of Material and Process Engineering, 
1979, p. 850 865 

ABSTRACT: As a part of the LS A Project an encapsulation 

task has been established to identify, develop, and evalu 
ate new low cost , long life encapsulation systems capable 
of meeting the project cost and performance goals. Low 
cost material system candidates have been identified and 
are being characterized in laboratory end field tests with 
detailed evaluation of their environmental stability when 
subjected to temperature cycling, humidity, ultraviolet 
radiation, dirt, and various other environmental hazards 


TITLE: Testing Flat Plate Photovoltaic Modules for 

Terrestrial Environment 

AUTHOR: A . R . Hoffman, J.C. Arnett, and R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 2nd Photovoltaic Solar Energy 

Conference, Berlin, West Germany, April 
23-26, 1979, Proceedings. (A80 46694 
20-44) Dordrecht, D. Reidei Publishing 
Co. , 1979, p . 9 78 986 

ABSTRACT: New qualification tests have been developed for 

flat-plate PV modules. Temperature cycling, cyclic pres 
sure load, arid humidity exposure are especially useful for 
detecting design and fabrication deficiencies. There is 
positive correlation between many of the observed field 
effects, such as power loss, and qualification test induced 
degradation. The status of research efforts for the devcl 
opment of test methodology for field related problems is 
reviewed . 
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TITLE: Some Character l st I cs of Low-Cost Silicon Sheets 

AUTHOR: K.M. Kollwad, T. Daud, and J.K. Liu 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference, 

2nd, Berlin, West Germany, April 23 26, 
1979, Proceedings. (A80-46694 20 44) 
Dordrecht, D. Reldel Publishing Co., 
1979. p. 710 717 

ABSTRACT: The paper discusses structural defects In low 

cost Si sheets and their effect on the electronic proper 
ties related to solar cell performance. Experimental data 
are presented on the Influence of grain boundaries on min- 
ority carrier diffusion length, Impurity defect interact 
Ion, and variable surface recombination velocity. An ana 
lytlcal model of the effect of grain boundaries on solar 
cell performance is constructed based on these results. 


TITLE: Low Cost Processes for Silicon Fabricated for 

Solar Celia 
AUTHOR: R. Lutwack 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference, 

2nd, Berlin, West Germany, April 23-26, 
1979, Proceedings. (A80 46694 20 44) 
Dordrecht, D. Reldel Publishing Co., 
1979, p. 718 725 

ABSTRACT: This paper describes the multiple process devel- 

opment of low cost processes for manufacture of Si . A sup 
port program includes subtaakB for the modeling of reac 
tlons and reactors, chemical engineering and solid state 
physics studies, and development of Impurity concentration 
measurement procedures. The preliminary economic analyses 
Indicate total product costs ranging from $5.00 to $8. 73/Kg 
based on 1000 MT/yr plants. In the studies of Impurity 
effects, a model which considers that degradations of 
solar cell performance by impurities are primarily due to 
decreases In base diffusion length was constructed from 
experimental data. 


TITLE: Phy s 1 cal /Chem 1 c a 1 Modeling for Photovoltaic Module 

Life Prediction 

AUTHOR: J. Moacanln, W.F. Carroll, and A. Gupta 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference, 

2nd, Berlin, West Germany, April 23 26, 
1979, Proceedings. <A80 46694 20 44) 
Dordrecht, D. Reldel Publishing Co., 
1979, p. 995 1001 

ABSTRACT: The paper presents a generalized methodology 

for identification and evaluation of potential degradation 
and failure of terrestrial PV encapsulation. Failure 
progression modeling and an interaction matrix are utl 
llzed to complement the conventional approach to failure 
degradation mode Identification. Comparison of the pre 
dieted performance based on these models can produce: 

(1) constraints on system or component design, materials 
or operating conditions, (?) qualification (predicted 
satisfactory function), and (3) uncertainty. The approach 
lias been applied to an investigation of an unexpected 
delamination failure; it is being used to evaluate thermo 
mechanical interactions in PV modules and to study cor 
rosion of contacts and interconnects. 


TITLE: Potential for Improved Silicon Ribbon Growth 

Through Thermal Environment Control 
AUTHOR: R.W. Gurtler, A. Baghdadi, R.N. Legge, and 

R.J. Ellis 

CORPORATE AUTH: Motorola, Inc., Phoenix, Arizona 

MEETING LOCATION: Photovoltaic Solar Energy Conference, 

2nd, Berlin, West Germany, April 23 26, 
1979, Proceedings (A80 46694 20 44) 
Dordrecht, D. Reidel Publishing Co., 
1979, p. 145 152 


ABSTRACT: The RTR process for growth of Si ribbon is 

described. This process involves the fabrication of a 
microcrystalline ribbon of Si and subsequent grain size 
enhancement through a laser recrystallizst ion process. 

The microribbon is obtained from a thermal expansion shear 
separation process which sllows a CVD layer of Si to be 
separated from a temporary molybdenum substrate. Efforts 
to achieve increased solar cell efficiencies and higher 
area production rates have been problematical. Furnaces, 
which are necessary for thermal stress control, have been 
shown to contribute contamination to substrates resulting 
in degraded efficiencies. Recent results with a new 
furnace design indicate efficiencies in excess of 9% will 
e routine. Limitations to area throughput arise due to 
fundamental linear velocity limitations and width limlta 
tions necessary to prevent the occurrence of thermal buck 
ling. Calculations sre reported which show the influence 
of thermal profile on buckling tendencies, and a proposed 
electron beam technique is considered which promises high 
throughput with minimal buckling. 


TITLE: Environmental Requirements for Flat-Plate 

Photovoltaic Modules for Terrestrial Applications 
AUTHOR: A.R. Hoffman and R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Learning to Use Our Environment; 

Proceedings of the Twenty- fifth Annual 
Technical Meeting, Seattle, Washington, 
April 30 May 2, 1979. (A79 50326 

22-42) Mount Prospect, Illinois, 
Institute of Environmental Sciences, 
1979, p. 171-178 

ABSTRACT: The environmental test requirements that have 

been developed for flat plate modules purchased through 
Department of Energy funding are described. Concurrent 
with the selection of the Initial qualification tests from 
space program experience, temperature cycling and humidity, 
surveys of existing PV systems in the field revealed that 
arrays were experiencing the following failure modes: 
Interconnect breakage, delamination, and electrical termin 
ation corrosion. These coupled with application dependent 
considerations led to the development of additional quali 
flcation tests, such as cyclic pressure loading, warped 
mounting surface, and hail. Rationale for the selection 
of tests, their levels and durations is described. Compnr 
isons between field observed degradation and test Induced 
degradation show a positive correlation with some of the 
observed field effects. Also, the tests are proving useful 
for detecting design, process, and workmanship deficien 
cies. The status of study efforts for the development of 
environmental requirements for field-related problems is 
reviewed . 


TITLE: Encapsulation Materials for Photovoltaic Arrays 

AUTHOR: C. Coulbert 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: The Enigma of the Eighties: 

Environment, Economics, Energy; 
Proceedings of the Twenty fourth 
National Symposium and Exhibition, San 
Francisco, California, May 8 10, 1979. 
Book 2. (A79 43228 18 23) Azusa, 
California, Society for the Advancement 
of Material and Process Engineering, 
1979, p. 850 865 

ABSTRACT: As a part of the LSSA Project sn encapsulation 

task has been established to identify, develop, and evalu 
ate new low cost, long life encapsulation systems capable 
of meeting the project cost and performance goals. Low 
cost material system candidates have been identified and 
are being characterized in laboratory and field tests wii h 
detailed evaluation of their environmental stability when 
subjected to temperature cycling, humidity, UV radiation, 
dirt, and various other environmental hazards. 
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TITLE: MIS Solar Cells on Crystalline, Polycrystal, and 

Thin Film Silicon 

AUTHOR: S.L. Hyland, J.K. Kim, A. Delahoy, W.A. Anderson, 

and K . Rajkanan 

CORPORATE AUTH: Jet Propulsion Laboratory; Rutgers 

University, Plscataway, New Jersey; New 
York State University, Buffalo, New York 
MEETING LOCATION: Sun II; Proceedings of the Silver 

Jubilee Congress, Atlanta, Georgia, May 
28- June 1, 1979. Volume 3. (A80 33401 
13-44) Elmsford, N.Y., Pergatnon Press, 
Inc . , 1979 , p. 1786 1789 

ABSTRACT: The performance characteristics of MIS solar 

cells using single crystal, polycrystalline, ribbon and 
thin film Si are investigated. Overall cell efficiencies, 
open circuit voltages, short-circuit current densities and 
diffusion lengths were measured for chromium Si, oxide-Si 
cells fabricated on single crystal substrates and the less 
costly polycrystalline, ribbon, edge defined film fed 
growth and electron beam deposited silicon. Results 
reveal cell efficiency to be lower In cells fabricated 
from the less costly substrates, due to lower short 
circuit currents arising from recombination near crystal 
defects and decreased open circuit voltage attributed to 
surface defects. It is concluded that the use of MTS 
semiconductor solar cells based on Si, with efficiencies 
up to 12%, represents progress in attaining PV costing 
less than 50</W. 


TITLE: Experimental and Theoretical Studies of IV 

Characteristics of Zinc-Doped Silicon p n 
Junctions Using the Exact dc Circuit Model 
AUTHOR: P.C.H. Chan and C T. Sah 

CORPORATE AUTH: University of Illinois, Urbana, Illinois 

PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED-26, June 1979, p. 937 941 

ABSTRACT: None. 


TITLE: Thermal and Other Tests of Photovoltaic Modules 

Performed in Natural Sunlight 
AUTHOR: J.W. Stultz 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: American Institute of Aeronautics and 

Astronautics, Terrestrial Energy 
Systems Conference, Orlando, Florida, 
June 4 6, 1979, IS p 

ABSTRACT: The NOCT , an effective way to characterize the 

thermal performance of a PV module in natural sunlight, is 
developed. NOCT measurements for more than twenty differ 
ent modules are presented. Changes in NOCT reflect changes 
in module design, residential roof mounting, and dirt 
accumulation. Other test results show that electrical per 
formance is improved by cooling modules with water and by 
use of a phase change wax. Electrical degradation result 
ing from the marriage of PV and solar water heating modules 
is demonstrated. Cost effectiveness of each of these tech 
nlques is evaluated. 

TITLE: Photovoltaic Systems Perspective 

AUTHOR: P.D. Sutton and G.J. Jones 

CORPORATE AUTH: Jet Propulsion Laboratory; Sandia 

National Labs., Albuquerque, New Mexico 
MEETING LOCATION: American Institute of Aeronautics and 

Astronautics, Terrestrial Energy 
Systems Conference, Orlando, Florida, 
June 46, 1979, 9 p 

ABSTRACT: This paper summarizes the elements of PV power 

system and clarifies the terminology currently used. The 
relationship of system efficiency and cost Is described 
particularly for the Balance of PV System (BOPS) area. 

The current status of the BOPS development activity is 
described. The PV systems terminology is found to be on 
the road to standardization. Power conditioning, energy 


storage, and support structure are found to be BOPS cost 
and/or efficiency drivers. Although the current BOPS 
activity has identified low- cost/h Igh efficiency compo 
nents, further development work is necessary. 


TITLE: Electron Beam Induced Current Characterization of 

Polycrystalline Silicon Solar Cells 
AUTHOR: J.I. Hanoka 

CORPORATE AUTH: Mobil Tyco Solar Energy Corp , Waltham, 

Massachusetts 

PUBLICATION: (Photovoltaic Material and Device 

Measurements Workshop, Arlington, Virginia, 
June 11-13, 1979.) Solar Celia, vol. 1, 

Feb. 1980, p. 123-139. 

ABSTRACT: The use of the electron beam induced current 

mode of the scanning electron microscope for recombination 
studies in polycrystalline Si solar cells is reviewed. 

The potential and some limits of the technique are discus- 
sed. Quantitative studies and representative results for 
EFG ribbon solar cells and other kinds of Si solar cells 
are presented and compared. Questions concerning recombin 
atlon by impurities and defects such as dislocations, grain 
boundaries and SlC particles and the interactive effects of 
all these are discussed at some length. 


TITLE: Grain Boundary Effects and Conduction Mechanism 

Studies in Chromium Metal In su l a tor S 1 1 1 con Solar 
Cells on Polycrystalline Silicon 
AUTHOR: W.A. Anderson, J. Rajkanan, A. Delahoy, and 

S.L. Hyland 

CORPORATE AUTH: New York, State University, Buffalo, New 

York; Rutgers University, Plscataway, Npw 
Jersey; Jet Propulsion Laboratory 
MEETING LOCATION: (Photovoltaic Material and Device 

Measurement Workshop, Arlington, 
Virginia, June 11 13, 1979.) Solar 
Cells, vol. 1, May 1980, p. 305 310 

ABSTRACT: Chromium metal insulator Si (MIS) solar cells 

fabricated on Wacker polycrystal l i ne Si and electron beam 
deposited thin film Si were studied to determine current 
flow mechanisms, Wacker polycrystalline p type Si was 
shown to produce MIS solar cells which exhibit surface 
state controlled current for T greater than 150 K and 
tunneling controlled current at lower temperatures. MIS 
cells on unpolished Wacker Si are clearly space charge 
limited. Electron beam deposited polyc r y s t a 1 li ne Si 
20-30 microns thick has a conductivity which may be 
limited by the grain boundary trap density or the avail 
ability of free carriers. Surface state analysis, laser 
scan data and diffusion length studies also show the 
limitations which exist at grain boundaries of poly 
crystal line Si. 


TITLE: Silicon Ribbon for Photovoltaic Cells 

AUTHOR: A. Baghdadi, R.W. Gurtler, R.J. Ellis, and 

I. A. Lesk 

CORPORATE AUTH: National Bureau of Standards, Washington, 

DC.; Motorola, Inc., Phoenix, Arizona 
MFETrNC LOCATION 1 Laser 79 Opt o e lec t ron i c s ; Proceedings 
of the Fourth Conference, Munich, West 
Germany, July 2 6, 1979. (ABO 29334 

11 36) Guildford, Surrey, England. IPC 
Science and Technology Press, Ltd., 

1979, p. 539 543 

ABSTRACT: The ribbon to ribbon method ( RTR ) for Si ribbon 

growth is presented, in which a pair of scanned, focused 
CO 2 laser beams is used to establish a molten zone in a 
preformed polycrystalline ribbon. Large grained Si ribbon 
is then drawn from the zone at growth rates up to 13.3 
cm/mln and the Si rihhon purity is maintained by purging 
gases used to protect the molten zone during growth. The 
efficiency of RTR solar cells is found to average 9% with 
the best cell reaching the 121 conversion efficiency needed 
for economic viability. It is shown that RTR has achieved 
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the highest growth rates reported for Si ribbon growth and 
has great promise as a low cost PV substrate. 


TITLE: A Simple Theory of Back Surface Field Solar Cells 

AUTHOR: 0. Von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Applied Physics, vol . 50, Aug. 

1979, p. 5371-5374 

ABSTRACT: An earlier calculation of the IV characteris 

tics of solar cells contains a mistake. The current gene 
rated by light within the depletion layer is too large by 
a factor of 2. When this mistake is corrected, not only 
are all previous conclusions unchanged, but the agreement 
with experiment becomes better. Results are presented in 
graphical form of new computations which not only take 
account of the factor of 2, but also include more recent 
data on material parameters. 


TITLE: H i gh- Ef f l c i ency p"*-n n + Back Surface Field 

Silicon Solar Cells 
AUTHOR: J.G. Fossum and E.L. Burgess 

CORPORATE AUTH: Sandia National Laboratories, 

Albuquerque, New Mexico 

PUBLICATION: Applied Physics Letters, vol. 33, Aug. 1, 

1979, p. 238 240 

ABSTRACT: The design and fabrication o f high efficiency 

p + -n-n + back surface field Si solar cells are described. 

The fabrication process has been developed to yield maximum 
attainable carrier lifetimes (about 0.7 msec) in the base 
region of the cell, thereby allowing the back n n + junc- 
tion to enhance effectively the cell performance. A sur- 
prising conclusion drawn from a study of the device physics 
supporting the experimental development of the cell is that 
the front- surf ace recombination velocity controls the re 
combination in the emitter. That Is, the bulk p + emitter 
Is transparent to minority carrier (electron) flow. The 
recognition of the significance of the front Si surface 
has led to process modifications that result in improve 
ments in both the short circuit current density and the 
open circuit voltage of the cell. With these improvements, 
the cells exhibit AMI conversion efficiencies of nearly 
17%. The fabrication process is reliable and reproducible 
with exceptionally high yield. 


TITLE: Environmental Testing of Terrestrial Flat Plate 

Photovoltaic Modules 
AUTHOR: A. Hoffman and J. Griffith 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Intersociety Energy Conversion 

Engineering Conference, 14th, Boston, 
Massachusetts, August 5 10, 1979, 
Proceedings. Volume 1. (A79 51726 
23-44) Washington, DC., American 
Chemical Society, 1979, p. 230 238 

ABSTRACT: The LSA Project at JPL has as one objective: 

the development and Implementation of environmental tests 
for flat-plate PV modules as part of the Department of 
Energy's terrestrial PV program. Modules procured under 
this program have been subjected to a variety of labora 
tory tests intended to simulate service environments, and 
the results of these tests have been compared to available 
data from actual field service. This comparison indicates 
that certain tests (notably temperature cycling, humidity 
cycling, and cyclic pressure loading) are effective indlca 
tors of some forms of field failures. Other tests have 
yielded results useful in formulating module design guide 
lines. Not all effects noted in field service have been 
successfully reproduced in the laboratory, however, and 
work Is continuing in order to improve the value of the 
test program as a tool for evaluating module design and 
workmanship. This paper contains a review of these ongoing 
efforts and an assessment of significant test results to 
date . 


TITLE: Titanium in Silicon as a Deep Level Impurity 

AUTHOR: C.-W. Chen, A . G . Milnes, and A. Rohatgi 

CORPORATE AUTH: Carnegie Mellon Univ. , Pittsburgh, 

Pennsylvania 

PUBLICATION: Solid-State Electronics, vol. 22, Sept. 

1979, p. 801 808 

ABSTRACT: Titanium inserted in Si by diffusion or during 

Cz ingot growth Is electrically active to a concentration 
level of about 4 x 10 14 /cu cm. It is reported that Hall 
measurements after diffusion show conversion of lightly 
doped p-type Si to n-type due to a Tl donor level at 
E c -0.22 eV . In addition, in DLTS measurements of n 4 p 
structures this level shows as an electron (minority 
carrier) trap at E c -0.26 eV with an electron capture 
cross section of about 3 x I0~ 15 /cm ? at 300 K. 

Finally, a Ti electrically active concentration of about 
1.35 x 10 l3 /cu cm in p type Si results in a minority 
carrier (electron) lifetime of 50 nsec at 300 K. 


TITLE: Analysis of the Interaction of an Electron Beam 

with a Solar Cell. Ill - The Effect of Special 
Variations of the Number Density of Recombination 
Centers on SEM Measurements 
AUTHOR: 0. Von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Solid-State Electronics, vol. 22, Sept. 

1979, p. 773- 778 

ABSTRACT: By means of an exactly soluble model the short 

circuit current generated by a scanning electron micro 
scope in a p-n junction has been determined in cases where 
the trap density is Inhomogeneous. The diffusion length 
for minority carriers becomes then dependent on the special 
coordinates. It is shown that in this case the dependence 
of the I gc on characteristic parameters as cell thick 
ness, distance of the beam excitation spot from ohmic 
contacts, etc., becomes very intricate. This fact pre 
eludes the determination of the local diffusion length in 
the usual manner. Although the model is somewhat simpli 
fied in order to make it amenable to eiact solutions, it 
is nevertheless realistic enough to lead to the conclusion 
that SEM measurements of bulk transport parameters in in 
homogeneous semiconductor material are impractical since 
they may lead to serious errors in the interpretation of 
the data by customary means. 


TITLE: Extension of a Theorem Used in the Investigation 

of p n Junctions with the Scanning Electron 
Microscope to Arbitrary Geometries and Arbitrarily 
Inhomogeneous Material 
AUTHOR: O. Von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Applied Physics Letters, vol. 35, Sept. 1, 

1979, p. 408, 409 

ABSTRACT: None. 


TITLE: Relating Computer Simulation Studies With 

Interface State Measurements on MIS Solar Cells 
AUTHOR: J.K. Kim, W.A. Anderson, S. Hyland 
CORPORATE AUTH: RCA David Sarnoff Research Center, 

Princeton, New Jersey; New York, State 
University, Buffalo, New York, Jet 
Propulsion Laboratory 

PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED-26, Nov. 1979, p. 1777 1782 

ABSTRACT: A lock- in- ampl 1 f ler technique has been used to 

measure interface state density (N gg ) values ranging 
from 2 x 10^ to -3 x lO^ 3 atates/sq cm eV depending 
on energy in the gap, type of Si substrate, and choice of 
Schottky metal used In MIS diodes. Polycrystall Ino , rib 
bon, and (100) single crystal Si substrates with 40 60 
Interfacial oxides have been tested using Cr , A1 , Tl, and 
Cu as Schottky metal. A computer simulation is used to 
predict the influence of interface states, interfacial 
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oxide thickness, and Schottky metal on open circuit vol 
tage . The Influence of Schottky metal on open circuit 
voltage is also clearly seen. Very close agreement is 
shown between experimental and theoretical values. This 
study clearly relates experimental and theoretical data to 
permit design of more efficient MIS solar cells. 


TITLE: Silicon Material Task Low Cost Solar Array 

Project 

AUTHOR: R. Lutwack 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: New Horizons - Materials and Processes 

for the Eighties; Proceedings of the 
Eleventh National Conference, Boston, 
Massachusetts, November 13-15, 1979. 

( A80 34 751 14 23) Azusa, California, 
Society for the Advancement of Material 
and Processes Engineering, 1979, p. 

437 440 

ABSTRACT: The paper describes the Si material task of the 

LSA Project, which has the objective of establishing a Si 
production capability equivalent to 400 mW/yr at a price 
less than $10/Kg (1975 dollars) in 1986. The task program 
is divided into four phases: technical feasibility, scale 
up studies (the present phase), experimental process system 
development units, and implementation of large scale pro 
due t ion plants, and it involves the development of proces 
ses for two groups of materials, that is, semiconductor 
grade and solar cell grade. In addition, the effects of 
impurities on solar cell performance are being invest! 
gated. Attention is given to problem areas of the task 
program, such as environmental protection, material compat 
ibillty between the reacting chemicals and materials of 
construction of the equipment, and waste disposal. 


TITLE: Comparative Resistance of Beta S^N^ Solid 

Solutions to Molten Silicon Attack 
AUTHOR: R . R . Wills, I. Sekercloglu, J.S. Ogden, 

C.A. Alexander, and D.E. Niesz 
CORPORATE AUTH: Battelle Columbus Labs., Ohio 

PUBLICATION: American Ceramic Society Bulletin, vol. 58, 

Dec. 1979, p. 1198 

ABSTRACT: None. 


TITLE: Structure of Deformed Silicon and Implications for 

Low Cost Solar Cells 

AUTHOR: N. Mardesich, M.H. Leipold, G.B. Turner, and 

T.G. Digges, Jr. 

CORPORATE AUTH: Spectrolab, Inc., Sylmar, California; 

Jet Propulsion Laboratory; ARCO Solar, 
Inc., Chatsworth, California; Virginia 
Semiconductor, Fredericksburg, Virginia 
PUBLICATION: Metallurgical Transactions A Physical 

Metallurgy and Materials Science, vol. 10A, 
Dec. 1979, p 1831-1835 

ABSTRACT: The paper reports on an investigation of the 

microstructure and minority carrier lifetime of Si in 
unlaxlally compressed silicon samples, the objective of 
which was to determine if it Is feasible to produce Si 
solar cells from sheet formed by high temperature defor 
mat i on . It is reported that recrystallization was found 
to be incomplete in both fine and large grained materials, 
and that the major mode of recrystallization appears to be 
migration of existing boundaries into the deformed regions. 
Also, minority carrier diffusion length was found to be 
drastically reduced after deformation, perhaps due to con 
tamination or cooling rate, and recovered only slightly 
with annealing. It Is concluded that these results suggest 
that high temperature deformation of Si for direct produc 
tlon of sheet for high efficiency solar cells is not prac- 
tical. It is noted that potential may exist for its use 
as a coarse grained substrate. 


TITLE: Low Cost S i 1 i con- on • Ceramic Photovoltaic Solar 

Cells 

AUTHOR: B.G. Koepke, J.D. Heaps, B.L. Crung, J.D. Zook, 

J.D. Sibold, and M.H. Leipold 
CORPORATE AUTH: Honeywell, Inc., Bloomington, Minnesota; 

Coors Porcelain Co., Golden, Colorado; 

Jet Propulsion Laboratory 

MEETING LOCATION: Energy and Ceramics. (A82 17076 05 27) 

Amsterdam, Elsevier Scientific 
Publishing Co., 1980, p. 1146 1158 

ABSTRACT: A technique has been developed for coating low 

cost mullite based refractory substrates with thin layers 
of solar cell quality Si. The technique involves first 
carbonizing one surface of the ceramic and then contacting 
it with molten Si. The Si wets the carbonized surface 
and, under the proper thermal conditions, solidifies as a 
large grained sheet. Solar cells produced from this com 
posite SOC material have exhibited total area conversion 
efficiencies of ten percent. 


TITLE: The Effect of Growth Rate, Diameter and Impurity 

Concentration on Structure in Czochralski Silicon 
Crystal Growth 

AUTHOR: T.G. Digges, Jr. and R. Sbima 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Crystal Growth, vol. 50, 1980, 

p. 865-869 

ABSTRACT: It is demonstrated that maximum growth rates of 

up to BOX of the theoretical limit can be attained in Cz 
grown Si crystals while maintaining single crystal struc 
ture. Attaining the other 20X Increase is dependent on 
design changes in the grower, to reduce the temperature 
gradient in the liquid while increasing the gradient in 
the solid. The conclusions of Hopkins et al. (1977) on 
the effect of diameter on the breakdown of structure at 
fast growth rates are substantiated. Copper was utilized 
as the test impurity. At large diameters (greater than 
7.5 cm), concentrations of greater than 1 ppm copper were 
attained in the solid (45,000 ppm in the liquid) without 
breakdown at maximum growth speeds. For smaller diameter 
crystals, the sensitivity of impurities is much more 
apparent. For solar cell applications, impurities will 
limit cell performance before they cause crystal breakdown 
for fast growth rates of large diameter crystals 


TITLE: Materials of Construction for Silicon Crystal 

Growth 

AUTHOR: M.H- Leipold, T.P. O'Donnell, and M . A . Hagan 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Crystal Growth, vol. 50, 1980, 

p. 366-377 

ABSTRACT: The performance of materials for construction 

and in contact with molten Si for crystal growth is pre 
sented. The basis for selection considers physical compat 
ibllity, such as thermal expansion and strength, as well 
as chemical compatibility as indicated by contamination of 
the Si. A number of new high technology materials are in 
eluded as well as data on those previously used. Emphasis 
is placed on the sources and processing of such materials 
in that results are frequently dependent on the way a 
material is prepared as well as Its intrinsic constituents. 


TITLE: Multiple Czochralski Growth of Silicon Crystals 

from a Single Crucible 
AUTHOR: R.L. Lane and AH. Kachare 

CORPORATE AUTH: Kaye* Corp., Rochester, New York; Jet 

Propulsion Laboratory 

PUBLICATION: Journal of Crystal Growth, vol. 50, 1980, 

p. 437 444 

ABSTRACT: An apparatus for the Cz growth of Si crystals is 

presented which is capable of producing multiple ingots 
from a single crucible. The growth chamber features a re 
fillable crucible with a water cooled, vacuum tight isola 
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tlon valve located between the pull chamber and the growth 
furnace tank which allows the melt crucible to always be at 
vacuum or low argon pressure when retrieving crystal or in- 
troducing recharge polysilicon feed stock. The grower can 
thus be recharged to obtain 100 kg of Si crystal ingots 
from one crucible, and may accommodate crucibles up to 
35 cm in dla. Evaluation of the impurity contents and IV 
characteristics of solar cells fabricated from seven ingots 
grown from two crucibles reveals a small but consistent 
decrease in cell efficiency from 10.4% to 9.6% from the 
first to the fourth ingot made in a single run, which is 
explained by impurity build up In the residual melt. The 
crystal grower thus may offer economic benefits through 
the extension of crucible lifetime and the reduction of 
furnace downtime. 


TITLE: New Technologies for Solar Energy Silicon. Cost 

Analysis of BCL Process 

AUTHOR: C.L. Yaws, K.Y. Li, C.S. Fang, R. Lutwack, 

G. Hsu, and H. Leven 

CORPORATE AUTH : Lamar University, Beaumont, Texas; 

University of Southwestern Louisiana, 

Laf ayette , Louisiana, Jet Propulsion 
Laboratory 

PUBLICATION: Solar Energy, vol . 24, no. 4, 1980, 

p. 359 365 

ABSTRACT: New technologies for producing polyslllcon are 

being developed to provide lower cost material for solar 
cells which convert sunlight into electricity. This 
article presents results for the BCL process, which 
produces the solar-cell Si by reduction of Si tetra 
chloride with zinc vapor. Cost, sensitivity, and profit 
ability analysis results are presented based on a prelim 
inary process design of a plant to produce 1000 MT/yr of 
Si by the BCL process. Profitability analysis indicates a 
sales price of $12.1 19.4/Kg of Si (1980 dollars) at a 
0 25% DCF rate of return on investment after taxes These 
results indicate good potential for meeting the goal of 
providing lower cost material for Si solar cells 


TITLE: An All Plated, Low Cost Contact System for Silicon 

Solar Cells 

AUTHOR: D.P. Tanner, P.A. lies, and P. Alexander 

CORPORATE AUTH: Applied Solar Energy Corp., City of 

Industry, California; Jet Propulsion 
Laboratory 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7-10, 1980, Conference Record 
<A81 27076 11-44) New York, 1980, 
p. 800 804 

ABSTRACT: The plating sequences Pd Cr Cu and Pd Ni Cu are 

demonstrated. The surface was sensitized with a 50 A thick 
Pd layer obtained from an immersion bath. After 15 min 
heating at 400 C in N 2 , a thin barrier layer of either 
Cr or Ni was deposited from electroless baths operated at 
temperatures around 90 C. The sintering process was re 
peated, and a thin copper layer of 500 A was deposited by 
electroless means. An electrolytic copper bath was used 
to build the copper layer to 34 micron thicknesses. Cells 
with good IV curves were obtained, and the all plated con 
tacts had good adhesion. Preliminary cost estimates show 
that the process costs approximately 12^/W excluding the 
cost of the masking procedure. 


TITLE: Evaluation and Optimization of Silicon Sheet Solar 

Cells 

AUTHOR: H. Yoo , P. lies, D. Tanner, G. Pollock, and F. Uno 

CORPORATE AUTH: Applied Solar Energy Corp., City of 

Industry, California; Jet Propulsion 
Labor a tory 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 
January 7 10, 1980, Conference Record 
(A81 27076 11 44) New York, Institute 
of Electrical and Electronics 
Engineers, Inc., 1980, p. 312 315 


ABSTRACT: This paper describes the results and procedures 

to evaluate and Improve the efficiency of solar cells made 
from various unconventional Si sheets. The performance 
parameters included PV characteristics, spectral response, 
dark I-V characteristics, and diffusion length. The eval- 
uation techniques used provided accurate and reliable In 
formation on sheet performance, and self consistent results 
were obtained from the various measurement techniques used. 
Minority carrier diffusion length (L) was shown to be the 
ultimate limiting factor for the sheet cell performance 
(efficiency) and other back-up measurements confirmed this 
L-dependence . Limited efforts were made to identify de 
fects which influence cell performance, and to use some 
improved process methods to increase cell efficiency. 

TITLE: Contact Integrity Testing of Stress Tested Silicon 

Terrestrial Solar Cells 

AUTHOR: J.L. Prince, J.W. Lathrop, and G.W. Witter 

CORPORATE AUTH: Clemson University, Clemson, South 

Carolina; ARC0 Solar, Inc., Chatsworth, 
Call f orn l a 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7-10, 1980, Conference Record. 

(A81 27076 11-44) New York, 1980, 
p. 952 957 

ABSTRACT: A test procedure was developed and applied to 

terrestrial Si solar cells in order to determine the 
effect of accelerated environmental and time temperature 
aging on metal contact Integrity. Quantities of cells of 
four different manufacturers were given the contact integ- 
rity test after being subjected to accelerated stress tests 
that included forward bias temperature, thermal cycle and 
thermal shock, power cycle, and bias temperature humidity 
tests at two temperature humidity levels. Significant 
effects due to certain stress tests were found for some 
cell types. It is concluded that cells fabricated using 
plated nickel/solder metallization showed significantly 
more serious contact integrity degradation than silver 
metallized cells. 


TITLE: Low cost Conversion of Polycrystalline Silicon 

into Sheet by HEH and FAST 
AUTHOR: C.P. Khattak and F. Schmid 

CORPORATE AUTH: Crystal Systems, Inc., Salem, 

Massachusetts 

MEETING LOCATION: 14t.h IEEE Photovoltaic Specialists 

Conference, San Diego, California, 
January 7 10, 1980, Conference Record. 
(A81 27076 11 14) New York, Institute 
of Electrical and Electronics 
Engineers, Inc., 1980, p. 484 487 

ABSTRACT: The conversion of polycrystalline Si to sheet 

form (the wafers produced are 10 cm x 10 cm cross section 
with minimum surface damage) by the HEM and FAST, as a 
means of reducing the cost of solar arrays for adaptation 
of PV technology for terrestrial applications, is given. 

A schematic of a HEM furnace, which includes a silica 
crucible, and developments in the HEM process are pro 
sented. The high speed slicer has been used to slice 19 
wafers/cm from 10 cm dia crystals. Both HEM and FAST are 
low cost processes and they have the potential of giving 
one of the lowest add on costs ($6.24 and $6.48/sq meter 
of sheet respectively, with the combination add on cost of 
$14.87/sq meter) of this conversion. 


TITLE: Continuous Coating of Silicon on Ceramic 

AUTHOR: J.D. Heaps, S.B. Schuldt, B.L. Grung, J.D. Zook, 

and C.D. Butter 

CORPORATE AUTH: Honeywell Corporate Technology Center, 

Bloomingdale, Minnesota 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference. San Diego, California, Jan. 
7 10, 1980, Conference Record. 

(A81 27076 11 44) New York, 1980, 
p. 39 48 
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ABSTRACT: Growth of sheet Si on low cost substrates has 

been demonstrated by the Si coating with inverted meniscus 
(SCIM) technique. A mullite based ceramic substrate is 
coated with carbon and then passed over a trough of molten 
Si with a raised meniscus. Solidification occurs at the 
trailing edge of the downstream meniscus, producing a SOC 
layer. Meniscus shape and stability are controlled by 
varying the level of molten Si in a reservoir connected to 
the trough. The thermal conditions for growth and the 
crystallographic texture of the SOC layers are similar to 
those produced by dlp-coatlng, the original technique of 
meniscus-controlled growth. The thermal conditions for 
growth have been analyzed in some detail. The analysis 
correctly predicts the veloc ity- thickness relationship and 
the liquid solid interface shape for dip coating, and 
appears to be equally applicable to SCIM coating. Solar 
cells made from dip-coated SOC material have demonstrated 
efficiencies of 10% on 4 sq cm cells and 9.9% on 10 sq cm 
cells . 


TITLE: Influence of Module Requirements on Flat-Plate 

Module Design Evolution 
AUTHOR: J.C. Arnett and R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7-10, 1980, Conference Record. 

(A81 27076 11 44) New York , 1980, 
p. 1296-1298 

ABSTRACT: PV module design features and performance 

characteristics have undergone significant evolutionary 
changes between pre 1975 First Generation configurations 
and current Third Generation design technology A major 
contributor to this evolution was an iterative process of 
continuing design guideline and specification development 
for major module procurements. Module manufacturers have 
actively responded to these evolving requirements through 
progressively improving designs. This iteratlve/feedback 
process is described. Interim design guidelines and pre 
liminary design options reflecting the LSA 1982 Module 
Technical Readiness Specification (November 1979) are 
described with respect to previous design and performance 
requ 1 cements . 

TITLE: A Silicon Sheet Casting Experiment for Solar Cell 

Wafer Production 

AUTHOR: D.B. Bickler, LE. Sanchez, and W.J. Sampson 

CORPORATE AUTH: Jet Propulsion Laboratory.; Applied 

Solar Energy Corp., City of Industry, 

Cal 1 forn i a 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 

7 10, 1980, Conference Record. 

(A81 27076 11 44) New York, 1980, 
p 36 38 

ABSTRACT: The casting of Si blanks for solar cells direct- 

ly without slicing is an exciting concept. An experiment 
was performed to investigate the feasibility of developing 
a machine that casts wafers directly. A Cz furnace was 
modified to accept a graphite ingot simulating fixture. 

Si was melted in the middle of the ingot simulator in a 
boron nitride mold. Sample castings showed reasonable 
crystal size. Solar cells were made from the cast blanks. 
The performance is reported. 


TITLE: Effect of Production Processes on the Fracture 

Strength of Silicon Solar Cells 
AUTHOR: C.P. Chen, E.L. Royal, and H. Klink 

CORPORATE AUTH: Jet Propulsion Laboratory; Motorola, 

Inc., Phoenix, Arizona 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Dingo, California, Jan 
7 10, 1980, Conference Record. 

(A81 27076 11 44) New York, 1980, 
p. 929 934 


AUSVHACl: Fracture of Cz Si wafers during processing Is an 

important factor in solar cell yield and cost. A fracture 
mechanics test and analysis program was developed to evalu- 
ate fcactuce strength changes in the in-process wafer to- 
cel 1 processing at different stages on a manufacturer's 
production line. The strength data were described by 
Weibull statistical analysis and can be interpreted with 
the surface flaw distribution of each of the process steps. 


TITLE: Behavior of Interdigi tated Back Contact Solar Cells 

AUTHOR: L.J. Cheng and D.C. Leung 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 

7 10, 1980, Conference Record, 

(A81 27076 11 44) New York. 1980, 
p. 72-75 

ABSTRACT: This paper presents experimental data concerning 

operation mechanisms of two versions of i nterdi gi tated 
back cunt ac l solar cells: the tandem junction cell and the 
front -surface field cell. It is shown that a photogene 
rated forward bias at the front junction of a tandem junc- 
tion cell is a critical parameter for cell performance 
which not only causes photogenerated carriers to migrate 
to the back junction, but also eliminates the reduction in 
photoresponse over back p + metallization regions. How 
ever, no similar light effects are observed in the perfor- 
mance of front surface field cells. Finally, a discussion 
on mechanisms concerning the performance of f ront- su rf ace 
field and tandem junction cells along with their merits is 
g i vun . 

TITLE: Circuit Design Considerations for Photovoltaic 

Modules and Systems 
AUTHOR: C. Gonzalez and R. Weaver 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego , California, Jan. 

7 10, 1980, Conference Record. 

(A81 27076 11 -44) New York, 1980, 
p. 528 535 

ABSTRACT: None. 


TITLE: <jua 1 i 1 t c a 1 i on Test results for DOE Solar 

Photovoltaic Flat Panel Procurement PRDA 38 
AUTHOR: J.S. Griffith 

CORPORATE AUTH: Jet Propula iou Laboratory 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7 10, 1980, Conference Record. 

<A81 27076 11 44) New York, 1980, 
p. 1290 1295 

ABSTRACT: Twelve types of prototypes modules for the DOE 

PV Flat Panel Procurement (PRDA 38) were subjected to 
qualification tests at the JPL according to a new sped 
ficstion. Environmental exposures were carried out sepa 
lately and included temperature cycling, humidity, wind 
simulation, and hail. The most serious problems dia 
covered were reduced insulation resistance to ground and 
ground continuity of the metal frames, electrical degrada- 
tion, erratic power readings, and de lami nat i on . The 
electrical and physical characteristics of the newly 
received modules are also given. 

TITLE: Grain Size Dependence of Silicon Solar Cell 

Parameters 

AUTHOR: K.M Kol iwad and T. Daud 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEET LNG LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7-10, 1980, Conference Record. 
(A81-27076 11-44) New York, 1980, 
p. 1204 1208 
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AUSINAC): Mua bui emu nL a ot the nun uniform diffusion 

length of the minority carriers near grain boundaries in 
polyc rys tal l i ne Si have been used to develop an analytical 
model for the calculation of solar cell output as a func- 
tion of grain size. Experimental results are presented 
which verify the theoretical analysis. Variation of open 
circuit voltage and fill factor with grain size is discus- 
sed . 


TITLE: Performance of Silicon Solar Cells Fabricated from 

Multiple Czochralski Ingots Crown by Using a 
Single Crucible 

AUTHOR: AH. Kachare, F.M. Uno, T. Miyahira, and R.L. Lane 

CORPORATE AUl'H: Jet Propulsion Laboratory; Kayex Corp . , 

Rochester, New York 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 

7 10, 1980, Conference Record. 

(A81- 27076 11 44) New York, 1980, 
p. 327 331 

ABSTRACT: Results on the performance of solar cells fab 

ricated on wafers from multiple Si ingots of large diarn 
eter, grown by using a single crucible and a sequential 
melt replenishment Cz technique are presented Samples 
were analyzed for resistivity, dislocation density and 
impurity content. Solar cells were fabricated from the 
seed, center and tag end of each ingot to evaluate the 
growth reproducibility and material quality. The cell 
efficiency within a given wafer varies by no more than 
plus or minus 5X of the average value. A small but con- 
sistent decrease in the ceil efficiency is observed from 
the first to the fourth ingot grown from a single cruc 
ible. This decrease may be related to an increase in 
impurity content or dislocation density or a combination 
of both. The efficiency of the cells fabricated from the 
tag end of the fourth ingot is about 101 lower than that 
of the control cell. An impurity effects model is em- 
ployed to correlate this decrease in efficiency with the 
impurity build up in the residual melt. 


TITLE: Flat-Plate Photovoltaic Array Design Optimization 

AUTHOR: R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7 10, 1980, Conference Record. 

(A81 27076 11-44) New fork, 1980, 
p. 1126-1132 

ABSTRACT: An analysis is presented which integrates the 

results of specific studies in the areas of PV structural 
design optimization, optimization of array series/parallel 
circuit design, thermal design optimization, and optimize 
tion of environmental protection features. The analysis 
is based on minimizing the total PV system life cycle 
energy cost including repair and replacement of failed 
cells and modules. This approach is shown to be a useful 
technique for array optimization, particularly when time 
dependent parameters such as array degradation and mainte- 
nance are involved. 


TITLE: A Base-Metal Conductor System for Silicon Solar 

Cells 

AUTHOR: M.G. Coleman, R . A . Pryor, and T.G. Sparks 

CORPORATE AUTH: Motorola, Inc., Phoenix, Arizona 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7-10, 1980, Conference Record. 

(A81- 27076 11 44) New York, 1980, 
p. 793-799 

ABSTRACT: Solder, copper, and silver are evaluated as 

conductor layer metals for Si solar cell metallization on 
the basis of metal price stability and reliability under 
operating conditions. Due to Its properties and cost, 
copper becomes an attractive candidate for the conductor 


layer 11 In shown that nickel operates sb an excellent 
diffusion barrier between copper and Si while slmultan 
eously serving as an electrical contact and mechanical 
contact to Si. The n i ckel- copper system may be applied to 
the Si by plating techniques utilizing a variety of plating 
bath compositions. Solar cells having excellent current- 
voltage characteristics are fabricated to demonstrate the 
nickel copper metallization system. 


TITLE: A Combined Quantitative EBIC and Ion Hicroprobe 

Analysis of SiC Particles in EFG Ribbon 
AUTHOR: J.I. Hanoka and B. Bathey 

CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusetts 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7 10, 1980, Conference Record. 

(A81 27076 11 44) New York, Institute 
of Electrical and Electronics 
Engineers, Inc., 1980, p. 478 483 

ABSTRACT: A detailed study of one of the limiting factors 

in making higher efficiency EFG ribbon solar cells, namely 
SiC particles, has been undertaken using both EBIC and the 
ion microprobe. The distribution and degree of recombina- 
tion due to different SiC particles is found to vary con 
siderably, and based on this, the SiC particles observed 
can be grouped into four categories. The spatial extent 
and identity of the major detectible impurities associated 
wiLh the SiC particles have been determined to be Al, K, 
Na, Ca , and 0. Their distribution and occurrence are a 
function of the SiC particle category. The possible con 
nection between these impurities and the recombination 
patterns found in the EBIC work is also discussed. 


TITLE: Progress in the Growth of Wide Silicon Ribbons by 

the EFG Technique at High Speed Using Multiple 
Growth Stations 

AUTHOR: J.P. Kale j s , B.H. Mackintosh, E M. Sachs, and 

F.V. Wald 

CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusel t s 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 

7 10, 1980, Conference Record. 

<A81 27076 11-44) New York, 1980, p. 

13- 18 

ABSTRACT: We report here progress in a program designed 

to examine the feasibility of large scale production of 
low cost Si sheet substrates for solar cells by the EFG 
process A multiple ribbon EFG station, containing five 
single ribbon cartridges, has been continuously operated 
for a period of IS hours at a duty cycle of 941. The 
average width of the ribbon grown was 5 cm, and the aver- 
age growth speed was 3.4 cm/mln. The cartridge concept of 
ribbon growth has been extended to successfully grow 10 cm 
wide ribbon at speeds up to 4 cm/rain. Large area {approxi- 
mately SO sq cm) solar cells with efficiencies in the range 
from 8% to 1 1% (AMI) have been made from ribbon grown in 
the cartridge systems. 


TITLE: Low Cost Monocrystal 1 ine Silicon Sheet Fabrication 

for Solar Cells by Advanced Ingot Technology 
AUTHOR: G.F. Fiegl and AC. Bonora 

CORPORATE AUTH: Siltec Corp., Menlo Park, California 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7-10, I960, Conference Record. 
(A81-27076 II 44) New York, 1980, 
p. 303-308 

ABSTRACT: The continuous liquid feed (CLF) Cz furnace and 

the enhanced I.D. slicing technology for the low cost pro- 
duction of monocrystalline Si sheets for solar cells are 
discussed. The incorporation of the CLF system is shown 
to Improve ingot production rate significantly. As demon- 
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si i « 1 i'd ill atlual iuuh, It l R lie L' Ilian average su I 1 d II Ic al 1 on 
rates <7 5 to 100 lum/hr for 150 turn LOO crystals) can be 
achieved, when the system approaches steady state condi 
Lions. The design characteristics of the CLF furnace are 
detailed, noting that it is capable of precise control of 
dopant impurity incorporation in the axial direction of 
the crystal. The crystal add on cost ia computed to be 
$ll.B8/sq m, considering a projected 1986 25 slice/cm con 
version factor with an 86% crystal growth yield. 


TITLE: Nickel Contacts for Low Cost Solar Cells 

AUTHOR: JR. Anderson and R.C. Petersen 

CORPORATE AUTH: Solarex Corp., Rockville, Maryland 

MEETING LOCATION: t h IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 

7 10, 1980, Conference Record. 

U81 2/076 11-44) New York, 1980, 
p. 948 951 

ABSTRACT: it is noted that nickel metallization of Si 

solar cells offers a relatively inexpensive method of 
making electrical contact with the surface of the cell 
More expensive methods, involving precious metals and 
costly processes, are widely used, these have been devel 
oped for space applications, where considerations of relia- 
bility predominate over those of cost. Since recent in 
torest in terrestrial applications of Bolar cells has led 
to an increased concern over cost, nickel has assumed a 
position as a major candidate for solar cell metallization. 
It is shown that sintering can Improve the Integrity of 
the nickel Si bund. Evidence that the nickel Si contact 
can survive moderate environmental stress is presented. 

TITLE: The Influence of Gralna and Grain boundaries on 

the Device Characteristics of Po ly c ry a t a 1 1 1 ne 
Si licon Solar Cel la 

AUTHOR: G.M. Storti, S.M. Johnson, H.C. Hin, and C.D. Wang 

CORPORATE AUTH: Solarex Corp., Rockville, Maryland; 

Maryland, University, College Park, 

Mary land 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, Ssn Diego, California, Jan. 

7 10, 1980, Conference Record. 

(A8 1-27076 11 44) New York, 1980, 
p 191- 195 

ABSTRACT: None. 


TITLE: A Low Cost Photovoltaic Cell Process Based on 

Thick Film Techniques 

AUTHOR: N. Mardesich, A. Pepe, S. Bunyan, B. Edwards, and 
C. Olson 

CORPORATE AUTH: Spectrolab, Inc., Sylmar, California; Jet 

Propulsion Laboratory 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7-10, 1980, Conference Record. 
(A8127076 11 44) New York, 1980, 
p. 943 947 

ABSTRACT: The low cost, easily automated processing for 

solar cell fabrication being developed at Spectrolab for 
the DOE LSA program is described. These processes include 
plasma etching, spray on diffusion sources and antlreflec- 
tive coating, thick film metallization, aluminum back 
contacts, laser scribing and ultrasonic soldering. The 
process sequence has been shown to produce solar cells 
having 15% conversion efficiency at AMI which meet the 
cell fabrication budget required for the DOE 1986 cost 
goal of tQ. 70/Wp in 1980. 

TITLE: Review of Physics Underlying Recent Improvement 

in Silicon Solar-Cell Performance 
AUTHOR: F . A . Llndholm and J.G. Fossum 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida 


MhhliNG LOLA I U)N: I4lh I KEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 

7 10, 1980, Conference Record. 

(A81 27076 11 44) New York, 1980, 
p. 680 683 

ABSTRACT: This paper provides a unifying view of the 
physics of Si solar cells, and uses it as a basis for 
explaining how recent improvements in the performance of 
these cells have been achieved. The unification is 
facilitated by a region- by region analysis of the solar 
cell, which is also used to compare several recently 
proposed cell structures. 

TITLE: Designing Practical Silicon Solar Cells 

Approaching the 'Limit Conversion Efficiency' 
AUTHOR: M. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania 

MEETING LOCATION: 14Lh IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7 10, 1980, Conference Record. 
(A81-27076 11 44) New York, 1980, 
p. 563 568 

ABSTRACT: To facilitate rapid low cost design studies on 

multilayer solar cells, an analytical method has been 
developed to replace, for the low level injection cases, 
the cumbersome numerical calculations. The method is 
based on expressing the minority carrier currents as a 
product of a carrier density and a transport velocity, and 
on using the superposition principle to the fullest Each 
layer can be separately considered as active, i.e., con 
tributing light generating carriers, or passive, i.e., 
transporting excess carriers across them. For active 
layers, the light generated carrier concentrations at 
their boundaries are determined. The carrier concen 
trations and transport velocities are transformed across 
each passive layer to calculate the total light generated 
and saturation currents. 


TITLE: High Efficiency Silicon Solar Cells 

AUTHOR: M. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsyl van i a 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 

7 10, 1980, Conference Record. 

IA81 27076 11-44) New York, 1980, 
p. 674 679 

ABSTRACT: The narrow region design approach for obtaining 

high open circuit and maximum power point voltages in solar 
cells is discussed. The design relies heavily on low 
effective surface recombination velocities in front and 
back in conjunction with a textured front surface and an 
optical internally reflecting back surface. The cell 
design requires a thin cell in the 50-150 micron range 
with a thicker front region than conventional designs 
The low transport velocities at the back of the narrow 
base layer are attainable by the addition of two layers 
with one layer including a drift field or a high/low 
junction, and the other layer having low resistivity with 
a thickness on the order of one diffusion length. The 
front region requires surface passivation by an oxide 
layer. It is noted that high doping effects can be 
avoided using the proposed design. 


TITLE. The RelaLive Orientations of Grains and the Nature 
of Grain Boundaries in Polysilicon Solar Cells 
AUTHOR: R.W. Armstrong, M.E. Taylor, G.M. Storti, and 

S.M. Johnson 

CORPORATE AUTH: University of Maryland, College Park, 

Maryland; Solarex Corp., Rockville, 
Maryland 
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HEfcilNC LUCA 1 l UN : Mill IKEB PhuLovul Uic Specialists 

Conference, San Diego, California, Jan. 
7-10, 1960, Conference Record. 

(A81 27076 11 44) New York, I960, 
p. 196-201 

ABSTRACT: None. 


TITLE: Low Cost Processes for Fabricating Silicon Solar 

Cells 

AUTHOR: H. Goldman and K. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsy 1 van i a 

MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7 10, I960, Conference Record. 

(A81 27076 11 44) New York, 1980, 
p. 923 928 

ABSTRACT: Solar cell fabrication processes, in particular 

junction formation and metallization, are evaluated in 
terms of cell efficiencies, process yields, module packing 
factors, and energy cost effectiveness. It is shown that 
for junction formation, the diffusion processes provide a 
relatively low cost approach. The costs per unit cell 
area can be further reduced by increased wafer area and 
mechanized wafer handling. The costs for a large number 
of metallization processes, excluding the costs of the 
metal, are roughly comparable. However, their varying 
influence on cell performance leads to a significant 
spread in the allowable process costs. 


TITLE: Solar Cells and Modules Prom Dentritlc Web Silicon 

AUTHOR: R.H. Campbell, A. Rohatgi, E . Seman, J.R. Davis, 

P. Rai Choudhury, and B D. Gallagher 
CORPORATE AUTH: Westinghouse Electric Corp., Pittsburgh, 

Pennsylvania; Westinghouse Research and 
Development Center, Pittsburgh, 
Pennsylvania; Jet Propulsion Laboratory 
MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 

7 10, 1980, Conference Record. 

(A81 -2 7076 11 44 ) New York, 1980, 
p 332 336 

ABSTRACT: Some of the noteworthy features of the processes 

developed in the fabrication of solar cell modules are the 
handling of long lengths of web, the use of cost effective 
dip coating of photoresist and AK coatings, selective elec- 
troplating of the grid pattern and ultrasonic bonding of 
the cell interconnect. Data on the cells is obtained by 
means of dark IV analysis and deep level transient spec- 
troscopy. A histogram of over 100 dentritlc web solar 
cells fabricated in a number of runs using different web 
crystals shows an average efficiency of over 131, with 
some efficiencies running above 15%. Lower cell efficiency 
is generally associated with low minority carrier time due 
to recombination centers sometimes present In the bulk Si. 

A cost analysis of the process sequence using a 25 MW pro 
duction lino indicates a selling price of $0.75/W p in 
1986. It is concluded that the efficiency of dentritlc 
web cells approaches that of float zone Si cells, reduced 
somewhat by the lower bulk lifetime of the former. 


TITLE: Theoretical Design Considerations for Back Surface 

Field Solar Cells 

AUTHOR: J.R. Davis and A. Rohatgi 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania 
MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7-10, 1980, Conference Record. 

(A61 27076 11 44) New York, 1980, 
p. 569-573 

ABSTRACT: A simple analytic model of a solar call is 

described which provides optimum design rules for back 


sui t ace field structures The mudel provides useful in 
sight into the relative Impact of surface and bulk recom- 
bination on device performance. Results agree well with 
experimental data. An optimum back surface field structure 
is shown to consist of a passivated surface and a thin p + 
region with constant doping in the mid 10 18 /cu cm range. 


TITLE: Development of Processes for the Production of Low 

Cost Silicon Dendritic Web for Solar Cells 
AUTHOR: C.S. Duncan, R.G. Seidenst icker , J.P. McHugh, 

R.H. Hopkins, M.E. Skutch, J.M. Driggers, and 
F.E. Hill 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania 
MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 

7 10, 1980, Conference Record. 

<A 8 l 2/076 11 44) New York, 1980, 
p. 25 30 

ABSTRACT: High area output rates and continuous, automated 

growth are two key technical requirements for the growth 
of low cost Si ribbons for solar cells. By means of 
computer aided furnace design. Si dendritic web output 
rates as high as 27 sq cm/min have been achieved, a value 
in excess of that projected to meet a $0.50/W p solar 
array manufacturing cost. The feasibility of simultaneous 
web growth while the melt is replenished with pelletized 
Si has also been demonstrated. This step is an important 
precursor to the development of an automated growth system. 
Solar cells made on the replenished material were just as 
efficient as devices fabricated on typical webs grown with 
out replenishment. Moreover, web cells made on a less 
refined, pelletized polycrystalline Si synthesized by the 
Battelle process yielded efficiencies up to 13% <AM1). 

TITLE: POCI 3 Gettering of Titanium, Molybdenum and 

Iron Contaminated Silicon Solar Cells 
AUTHOR: A. Rohatgi, R.B. Campbell, J.R. Davis, 

R.H. Hopkins, P. Rai Choudhury, H. Hollenkopf, 
and J.R. McCormick 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania; Hemlock 
Semiconductor Corp., Hemlock, Michigan 
MEETING LOCATION: 14th IEEE Photovoltaic Specialists 

Conference, San Diego, California, Jan. 
7-10, 1980, Conference Record. 

(A81-27076 11 44) New York, 1980, p. 
908-911 

ABSTRACT: None. 


TITLE: Phu t u vo 1 1 a 1 c s . II Flat panels 

AUTHOR: M. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania 

PUBLICATION: IEEE Spectrum, vol . 17, Feb. 1980, p. 32, 33 

ABSTRACT: The paper discusses the future of solar cell 

technology with emphasis on high performance and a reduc- 
tion of present fabrication costs. Methods of producing 
pure Si are discussed, including the EFG method and the 
capillary action shaping technique. Attention is given to 
the major steps in the solar-cell fabrication sequence of 
junction formation, contact metallization, and application 
of an ant i ref lec t ion coating. 


TITLE: Theoretical Considerations of Soil Retention - 

Dirtying of Solar Energy Devices 
AUTHOR: E.F. Cuddihy 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: (Solar Energy Research Institute and 

Battelle Memorial Institute, Solar 
Reflective Materials Workshop, 2nd, San 
Francisco, California, Feb. 12-14, 1980.) 
Solar Energy Materials, vol. 3, Sept. 1980, 
p. 21-33 
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AHS l H Ail : llu? perl or ms tire ol solar energy devices is 

adversely affected by surface soiling, and generally, the 
loss of performance increases with increases in the quan 
tity of soil retained on their surfaces. To minimize per- 
formance losses caused by soiling, solar devices should 
not only be deployed in low soiling geographical areas, 
but employ surfaces or surfacing materials having low 
affiniLy for soil retention, maximum susceptibility to be 
naturally cleaned by wind, rain and snow, and to be readily 
cleanable by simple and inexpensive maintenance cleaning 
techniques. This article describes known and postulated 
mechanisms of soil retention on surfaces, and infers from 
these mechanisms that low soiling and easily cleanable sur- 
faces should have low surface energy, and be hard, smooth, 
hydrophobic and chemically clean of sticky materials and 
water soluble salts. 


TITLE: The Influence of a Voltage Ramp on the Measurement 

of 1 - V Characteristics of a Solar Cell 
AUTHOR: 0. Von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Solid State Electronics, vol . 23, Mar. 1980, 

p. 285-288 

ABSTRACT: For efficiency and convenience the voltage 

applied to a Si solar cell is often fairly rapidly driven 
from zero to the open circuit value typically at a common 
rate of 1 V/ms. During this time the values of current 
are determined as a function of the instantaneous voltage 
thus producing an 1-V characteristic. The present paper 
shows that the customary expressions for the current as a 
function of cell parameters still remain valid provided 
that the diffusion length In the expression for the dark 
current is changed from its steady state value L to the 
effective diffusion length LI given by LI = L<1 + qV/kT 
T) , where V is the ramp rate considered constant 
and T is the lifetime of minority carriers. This result 
is true to a very good approximation provided that low 
level injection prevails. 

TITLE: The Spectral Response of a Front Surface Field 

Solar Cell 

AUTHOR: 0. Von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Applied Physics, vol. 51, Mar. 

1980, p. 1852, 1853 

ABSTRACT: A calculation of the short-circuit current as a 

function of wavelength of the incident light, induced in a 
front surface field solar cell, is presented. The cell 
consists of a p* p- n* junction. The electric field 
presenL in the p~* layer situated at the front surface 
(the surface exposed to the sun) boosts the minority car- 
rier collection at the p n * junction sufficiently to make 
this structure a viable alternative to ordinary solar 
cells. A distinct advantage derives from the placement of 
all ohmic contacts on the back surface facilitating array 
assemblage . 

TITLE: SiLicon Ribbon Growth Using Scanned Lasers 

AUTHOR: A. Baghdadi, R.J. Ellis, and H W. Gurtler 

CORPORATE AUTH: National Bureau of Standards, Washington, 

D.C.; Motorola, Inc., Phoenix, Arizona 
PUBLICATION: Applied Optics, vol. 19, Mar. IS, 1980, p. 

909 913 

ABSTRACT: The recent demand for low cost PV arrays has 

renewed the interest in growing Si in ribbon form. The 
approach used in the present paper for the growth of 
low cost Si ribbon is shown schematically. A pair of 
scanned, focused CO 2 laser beams is directed onto both 
sides of a preformed Si ribbon. A narrow (about 1 mm 
high) molten zone is formed across the full width of the 
ribbon. As the Si ribbon is passed through the laser- 
heated zone, large grains are produced in the recrystal- 
lized ribbon. The laser beam path is outlined schematl 
rally. As a general rule, the lenses are not positioned 


so as lo bring the laser beams Lu a fine focus, since 
highly focused beams would vaporize the Si surface rather 
than serve to melt the bulk. Si ribbon has been grown at 
rates up to 13.3 cm/tnin by this approach. The best solar 
cell fabricated so far on this material has a conversion 
ef f iciency of 12.7%. 


TITLE: Theory of Gra i n- Boundary and Intragrain 

Recombination Currents in Polysilicon p n Junction 
So l ar Ceils 

AUTHOR: J.G. Fossum and P . A. . Lindholm 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida 

PUBLICATION : IEEE Transactions on Electron Devices, vol. 

ED 2/ , Apr. 1980, p. 692 700 

ABSTRACT: Thu physics controlling recombination in poly 

silicon p n junction solar cells is described. Analytic 
models characterizing this recombination, whose parameters 
can be related directly to experiment, are developed. The 
analysis reveals that, in general, the description of 
intragrain and grain boundary recombination in a polysili 
con solar cell requires the solution of a nonlinear three 
dimensional boundary- value problem. Cases of practical 
interest for which this problem is traceable are dis- 
cussed. The analysis predicts an exp (qV/2kT) dependence 
(the reciprocal slope factor is exactly two) for carrier 
recombination at a grain boundary within the junction 
space charge region of a non i 1 luminated , forward biased 
cell. This result, and others of the analysis, are con- 
sistent with preliminary experimental data. 


TITLE: The importance of Surface Recombination and 

Energy Bandgap Narrowing in p n Junction Silicon 
Solar Cells 

AUTHOR: J.G. Fossum, F . A . Lindholm, and M.S. Shibib 

CORPORATE AIJTH : University of Florida, Gainesville, 

Florida 

PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED 2/, Apr. 1980, p. 1 29 A - 1298 

ABSTRACT: Experimental data demonstrating the sensitivity 

of open circuit voltage to f ront- surf ace conditions are 
presented for a variety of p-n junction Si solar cells 
Analytical models accounting for the data are defined and 
supported by additional experiments. The models and the 
data imply that a) surface recombination significantly 
limits t tie open circuit voltage (and the short circuit 
current) of typical Si cells, and b) energy bandgap narrow 
irig is important in the manifestation of these limitations. 
The models suggest modifications in both the structural 
design and the fabrication processing of the cells that 
would result In substantial improvements in cell perfor- 
mance. The benefits of one such modification, the addition 
of a thin thermal Si-dioxide layer on the front surface, 
are indicated experimentally. 


TITLE: Updating the Limit Efficiency of Silicon Solar 

Cells 

AUTHOR: H Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania 

PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED 2 7 , Apr. 1980, p. 751- 760 

ABSTRACT: The limit efficiency of a Si solar cell is in 

vestigated using an analytical approach. The analytical 
model is based on the solution of a transport equation for 
minority carriers derived from the Shockley equations. On 
the basis of I he computations, a 'narrow-region' design 
approach is suggested for both the front and the back 
regions of the solar cell. The design relies on low 
effective surface recombination velocities, a textured 
front surface, and an optical internally reflecting back 
surface. With this approach, the limit efficiency is near 
251, and the optimum cell is 50 to 150 microns thick. 
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llll.fc: Impurities lit Si 11 cun Soldi Cells 

AUTHOK: J.R. Davis, Jr., A. Kohatgi, K.H. Hopkins, 

P.D. Blais, P. Rai Choudhury, J.R. McCormick, and 
H.C. Hollenkopf 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania; Hemlock 
Semiconductor Corp. , Hemlock, Michigan 
PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED 27, Apr. 1980, p. 677-687 

ABSTRACT: The paper investigates the effects of metallic 

impurities on the performance of Si solar cells. Cz and 
polycrys l a 1 1 i ne ingots were employed with boron and phos 
phorus as primary dopants and with controlled additions of 
secondary impurities. The data obtained from over 200 
crystals indicate that impurity induced performance loss 
is primarily due to a reduction of the base diffusion 
length. Based on this observation, a model is developed 
which predicts cell performance as a function of secondary 
impurity concentrations. The model calculations are in 
good agreement with experimental values except for Cu , Nl , 
Fe, and to a lesser degree, carbon, which at higher con 
centrations degrade the cell by junction defect mechanisms. 


TITLE: Second Quadrant Effects in Silicon Solar Cells 

AUTHOR: R.A. Hartman, J.L. Prince, and J.W. Lathrop 

CORPORATE AUTH: Clemson University, Clemson, South 

Carol ina 

MEETING LOCATION: SOUTHEASTCON *80; Proceedings of the 

Region 3 Conference and Exhibit, 
Nashville, TN, April 13-16, 1980. 

(A81- 43701 20 31) New York, Institute 
of Electrical and Electronics 
Engineers, lnc. t 1980, p. 119-122 

ABSTRACT: A simple model describing the behavior of a 

solar cell in the second quadrant of the I-V curve is 
described. In this mode of operation appreciable power is 
dissipated in the cell leading to thermal breakdown and 
the formation of hot spots. These hot spots will be stable 
in a current limited mode of operation. In addition a 
simple method is described to locate the hot spots. 

TITLE: The Effects of Titanium Impurities in n 4 p 

Silicon Solar Cells 
AUTHOK: A.M. Salama and L.J. Cheng 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Electrochemical Society, Journal, vol. 127, 

May 1980, p. 1164 1 167 

ABSTRACT: Microscopic and electrical measurements were 

performed to explain the degradation mechanisms associated 
with the presence of titanium impurities in Si. The 
measurements included x-ray topography, transmission elec- 
tron microscopy, and deep level transient spectroscopy, 
before and after processing. The results indicated the 
presence of Ti 02 precipitates, the density of which in 
creased after phosphorus diffusion. A majority carrier 
trapping level was observed in tho wafers before proces- 
sing. It was concluded that 10% of the Tl in the n + p Si 
solar cells formed electrically active centers which caused 
degradation of the cell junction. 14% of the remaining Ti 
precipitated out as Ti 02 » forming electrically active 
defects, which also caused junction degradation. 


TITLE: Effect of Titanium, Copper end Iron on Silicon 

Solar Cells 

AUTHOK: A. Rohatgi , J.R. Davis, B.H. Hopkins, 

P. Ra l- Choudhury , P.G. McCullin, and 
J.R. McCormick 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania; Hemlock 
Semiconductor Corp., Hemlock, Michigan 
PUBLICATION: Solid State Electronics, vol. 23, May 1980, 

p. 415-419, 421, 422 

ABSTRACT: The effect of Ti , Cu , and Fe on Si aolar cells 


has him Investigated Vl severely degrades cell perl or 
mauce above a concentration of 10“/cu cm. A higher Ti 
level results in a 63% loss in cell performance and more 
than an order of magnitude reduction in carrier lifelime; 

Ti produces two deep levels in Si at Ev + 0.30 eV and Ec 
0.27 eV. Copper, at concentrations below 10 1 ^/cu cm, 
has negligible effect on cell performance and carrier life- 
time. Fe begins to damage the cell performance above a 
concentration of 2 x 10^/cu cm; at the concentration of 
1.7 x 10 15 /cu cm it causes a 46% loss in cell efficiency 
and about an order of magnitude reduction in lifetime. 


TITLE: Fracture Toughness of Silicon 

AUTHOR: C.P. Chen and M.H. Leipold 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION : (American Ceramic Society, Annual Meeting, 

80th, Detroit, Michigan, Hay 8, 1978) 
American Ceramic Society Bulletin, vol. 59, 
Apr. 1980, p. 469 4/2 

ABSTRACT: The paper presents a study to determine the 

fracture toughness and to characterize fracture modes of 
Si as a function of the orientation of single crystal and 
polycrystalline material. It is shown that bar specimens 
cracked by Kuoop microhardness indentation and tested to 
fracture under four- point bending at room temperature were 
used to determine the fracture toughness values. It is 
found that the lowest fracture toughness value of single 
crystal Si was 0.82 MN/m^^ in the 111 plane type orien- 
tation, although the difference in values in the 111, 110, 
and 100 planes was small. 


TITLE: Interactions of Efficiency and Material 

Requirements for Terrestrial Silicon Solar Cells 
AUTHOR: D.L. Bowler and M. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania 

PUBLICATION: (Institute of Electrical and Electronics 

Engineers and Electronic Industries 
Association, Electronic Components 
Conference, 30th, San Francisco, California, 
May 11 13, 1980.) IEEE Transactions on 
Components, Hybrids, and Manufacturing 
Technology, vol. CHMT- 3 , Dec. 1980, 
p. 464 472 

ABSTRACT: The transport velocity transformation method was 

used to analyze solar cell designs to determine optimum 
cell structures. It was found that low resistivity mate 
rials should be used up to the onset of Auger recombina 
tion; a properly designed three layer structure permlLs 
base region approaching an ideal device in performance; 
and that higher resistivity front regions will need more 
sophisticated grid metallization structures than those 
used now. It was concluded that new features will provide 
idealized Si cell structures yielding AMI efficiencies in 
the 24-26.5% range, with real efficiencies near 22%. 


TITLE: Airborne Particulate Soiling of Terrestrial 

Photovoltaic Modules and Cover Materials 
AUTHOR: A K. Hoffman and C.R. Haag 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Life Cycle Problems and Environmental 

Technology; Proceedings of the 
Twenty sixth Annual Technical Meeting, 
Philadelphia, Pennsylvania, May 12-14, 
1980. (A81-46476 22-38) Mt . Prospect, 

Illinois, Institute of Environmental 
Sciences, 1980, p. 229-236 

ABSTRACT: Results are presented for the first phase of a 

PV module aoillng study that was carried out with NASA 
participation to investigate the problem of the electrical 
performance degradation of flat-plate PV modules exposed 
at outdoor sites that is due to the accumulation of air- 
borne particulates on sensitive optical surfaces. The 
results were obtained in both field and laboratory soiling 
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ex pot I me »l s , ns wt L 1 as in materials llelii experiments 
using candidate eneapsulants and top covers. It is con 
eluded that: (1) the electrical performance degradation 

shows a significant time and site dependence, ranging from 
2% to 601 power loss; (2) the rate of particulate accumula 
Lion appears to be largely material independent when 
natural removal processes do not dominate; (3) the effec- 
tiveness of natural removal processes, especially rain, is 
strongly material dependent; ( 4 > top cover materials of 
glass and plexiglass retain fewer particles than silicone 
rubber; and (5) high module voltages relative to ground do 
not appear to affect the rate of dirt accumulation on 
modules . 


TITLE : Grain boundary Effects and Conduction Mechanism 

Studies in Chromium Metal- Insulator Si 1 icon Solar 
Cells on Polycry stall i ne Silicon 
AUTHOR: W. Anderson, K. Rajkanan, A. Delahoy, and 

S. Hyland 

CORPORATE AUTH: New York State University, Buffalo, New 

York; Rutgers University, Piscataway, New 
Jersey; Jet Propulsion Laboratory 
MEETING LOCATION: (Photovoltaic Material and Device 

Heasurepient Workshop. Arlington, 
Virginia, June 11-13, 19/9.) Solar 
Cells, vol. 1, May 1980, p. 305 310. 

ABSTRACT: Chromium metal-insulator Si (MIS) solar cells 

fabricated on Wacker polycrystalline Si and electron beam- 
deposited thin film Si were studied to determine current 
flow mechanisms. Wacker polycrystalline p- type silicon 
was shown to produce MIS solar cells which exhibit surface 
state controlled current for T greater than 150 K and 
tunneling controlled current at lower temperatures. MIS 
cells on unpolished Wacker silicon are clearly space charge 
limited. Electron beam deposited polycrystalline Si 20 30 
microns thick has a conductivity which may be limited by 
the grain boundary trap density or the availability of free 
carriers. Surface state analysis, laser scan data and dif- 
fusion length studies also show the limitations which exist 
at grain boundaries of polycrystalline Si. 

TITLE: Forward and Reverse Bias Tunneling Effects in n + p 

Silicon Solar Cells 

AUTHOR: G.F. Gaclick and AH. Kachare 

CORPORATE AUTH: University of Southern California, Los 

Angeles.; Jet Propulsion Laboratory 
PUBLICATION: Applied Physics Letters, vol. 36, June 1, 

1980, p. 911-913 

ABSTRACT: Excess currents due to field-assisted tunneling 

in both forward and reverse bias directions have been 
observed in n + -p Si solar cells. These currents arise 
from the effect of conducting paths produced in the deple- 
tion layer by n 4 diffusion and cell processing. Forward 
bias data indicate a small potential barrier with height 
of 0.04 eV at the n* end of conducting paths. Under 
reverse bias, excess tunneling currents involve a poten- 
tial barrior at the p end of the conducting paths, the 
longer paths being associated with smaller barrier heights 
and dominating at the lower temperatures. Low reverse-bias 
data give energy levels of 0.11 eV for lower temperatures 
(253 293 K) and 0.35 eV for higher temperatures (293-380K). 
A model is suggested to explain the results. 


TITLE: Minority Carrier Diffusion Lengths and Absorption 

Coefficients in Silicon Sheet Material 
AUTHOR: K . A . Dumas and R.T. Swimrn 

CORPORATE AUTH: Jet Propulsion Laboratory; University of 

Southern California, Los Angeles 
MEETING LOCATION: Role of Electro Optics In Photovoltaic 

Energy Conversion; Proceedings of the 
Seminar, San Diego, California, July 
31, August 1, 1980. (AB1 39527 18-44) 
Bellingham, Washington, Society of 
Photo Optical Instrumentation 
Engineers, 1980, p. 16-20 


ALiSlUAi i Host oi the methods which have been developed 
tor the measurement of the minority carrier diffusion 
length of Si wafers require that the material have either 
a Schutlky or an ohmic contact. The surface photovoltage 
(SPV) technique is an exception. The SPV technique could, 
therefore, become a valuable diagnostic tool in connection 
witli current efforts to develop low cost processes for the 
production oi solar cells. The technique depends on a 
knowledge of the optical absorption coefficient. The con 
sidered investigation is concerned with a reevaluation of 
the absorption coefficient as a function of Si processing. 
A comparison of absorption coefficient values showed these 
values to be relatively consistent from sample to sample, 
and independent of the sample growth method. 


TITLE: Experimental and Theoretical Investigations of the 

Quality Factor for n + p Silicon Solar Cells 
AUTHOR: G.F Garlick and A.H. Kachare 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Role of Elec t ro Opt i c s in Photovoltaic 

Energy Conversion; Proceedings of the 
Seminar, San Diego, California, July 
31- August 1, 1980. ( A81- 39527- 18 44) 

Bellingham, Washington, Society of 
Photo Optical Instrumentation 
Engineers, 1980, p. 30 35 

ABSTRACT: Many n * p Si solar cells made with Si from 

different growth techniques have current voltage relations 
of the form: 1 - 1(0) (exp(qV/AkT) 1), where the quality 
factor A is noniutegral, is greater than 1, and shows a 
temperature dependence. The dark forward characteristics 
of such cells have been measured over a range of tempera 
Lures and the behavior of the factor A derived from them. 
Lack of agreement with previous models has led to the 
development oi a new model, in which n 4 conduction elec 
Irons tunnel to deep levels near that side, these levels 
being due to junction contamination by impurities. Elec 
iron recombination then occurs with holes thermally 
assisted into the junction prom the p side. This mechanism 
involves increased 1(0) values over those for diffusion 
diode processes and thus reduces the cell power conversion 
ef f i c i ency . 


TITLE: Effects of Grain Boundaries in Polycry stall ine 

Solar Cells 
AUTHOR: J.D. Zook 

CORPORATE AUTH: Honeywell Corporate Technology Center, 

Bloomingdale , Minnesota 

PUBLICATION: Applied Physics Letters, vol. 37, July 15, 

1980, p. 223-226 

ABSTRACT: In polycrystalline solar cells, the short- 

circuit current is reduced (compared to single crystal 
cells) due to recombination of minority carriers at the 
grain boundaries. The magnitude of this reduction is 
calculated for the case of a monochromatic beam of light, 
assuming that both the light beam and the grain boundaries 
are perpendicular to a p- n junction. The photoresponse of 
the junction is calculated in terms of the absorption coef 
ficient of the light, the minor 1 ty- carr i er diffusion 
length, the surface recombination velocity at the grain 
boundary and the distance of the light beam from the grain 
boundary The analysis gives an expression for an effec- 
tive grain boundary width which depends on wavelength. 

This width determines the reduction in short-circuit cur- 
rent of solar cells made from material with columnar- type 
grains . 


TITLE: The Interaction of Molten Silicon with Silicon 

Aluminum oxynitrides 

AUTHOR: K.R. Wills, I. Sekercioglu, and D.E. Niesz 

CORPORATE AUTH: Battelle Columbus Labs., Ohio. 

PUBLICATION: American Ceramic Society, Journal, vol. 63, 

July Aug. 1980, p. 401-403 

ABSTRACT: SI aluminum oxynitride solid solutions (sialons) 
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h«sed on kU Sl 3 N 4 and Sl 2 N 2 u behave differently 
In contact with molten Si. The Si 2 N 2 0-bafled slalons 
convert to almost pure S^N*, apparently through a 
two step decomposition and solution-precipitation reaction, 
whereas the beta-Sl 3 N 4 sialons are preferentially 
attacked at the grain boundaries. The composition of the 
grain- boundary phase appears to control the rate of 
react i on . 


TITLE: Minority Carrier Diffusion Lengths and Absorption 

Coefficients in Silicon Sheet Material 
AUTHOR: K . A . Dumas and R.T. Swimm 

CORPORATE AUTH: Jet Propulsion Laboratory; University of 

Southern California, Los Angeles. 

MEETING LOCATION: Role of Elec tro- Opt i c s in Photovoltaic 

Energy Conversion; Proceedings of the 
Seminar, San Diego, California, July 
31, Aug. 1, 1980. ( A81- 39527 18-44) 
Bellingham, Washington, Society of 
Photo Optical Instrumentation 
Engineers, 1980, p. 16-20 

ABSTRACT: Host of the methods which have been developed 

for the measurement of the minority carrier diffusion 
length of Si wafers require that the material have either 
a Schottky or an ohtuic contact. The surface photovoltage 
(SPV) technique is an exception. The SPV technique could, 
therefore, become a valuable diagnostic tool in connection 
with current efforts to develop low-cost processes for the 
production of solar cells. The technique depends on a 
knowledge of the optical absorption coefficient. The 
considered investigation is concerned with a reevaluation 
of the absorption coefficient as a function of Si 
processing. A comparison of absorption coefficient values 
showed these values to be relatively consistent from 
sample to sample, and independent of the sample growth 
method . 


TITLE: Opto Electronic Properties of Cells Made from 

Various Silicon Forms 
AUTHOR: H. Yoo , P. lies, and S. Hyland 
CORPORATE AUTH: Applied Solar Energy Corp. , City of 

Industry, California; Jet Propulsion 
Laboratory 

MEE1 INC LOCATION: Role of e lec tro- opt i c a in PV energy 

conversion; Proceedings of the Seminar, 
San Diego, CA, July 31 Aug. 1, 1980. 
(A81- 39527 18-44) Bellingham, 
Washington, SocieLy of Photo Optical 
Instrumentation Engineers, 1980, 
p. 21-25 

ABSTRACT: Opto electronic properties of the various Si 

forma were obtained from the solar cell performance. 
Performance parameters included the PV characteristics, 
minority carrier diffusion length, spectral response and 
small light spot scanning. Self consistent results were 
obtained from the various measurement techniques, which 
can provide useful Information on sheet quality, as a 
potential for low cost terrestrial applications, and areas 
where the sheet formation methods can be improved. 


TITLE: The Applicability of DOE Solar Cell and Array 

Technology to Space Power 

AUTHOR: J.A. Scott Monck, P.M. Stella, and P.A. Berman 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Energy to the 21st Century; Proceedings 

of the Fifteenth Intersociety Energy 
Conversion Engineering Conference, 
Seattle, Washington, Aug. 18 22, 1980. 
Volume 1. (A80-48165 21-44) New York, 

American Institute of Aeronautics and 
Astronautics, Inc., 1980, p. 364 370 

ABSTRACT: Current trends in terrestrial PV that might 

benefit future space power needs are reviewed. Emphasis 
is placed on the LSA Project with attention given to the 


materials lask, the Si sheet task, the production pioces 
ses and equipment task, and encapsulation. The PV Concen- 
trator Technology Development Project is also discussed. 

It Is concluded that terrestrial PV technology that has 
either been developed to date or la currently under 
development will not have any significant effect on the 
performance or cost of solar cells and panels for space 
over the near term (1980 1990). 


TITLE: Analysis of Forced Convection Heat Flow Effects in 

Horizontal Ribbon Growth from the Melt 
AUTHOR: J.A. Zoutendyk 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Crystal Growth, vol. 50, Sept. 

1980, p. 83-93 

ABSTRACT: A heat transport analysis which considers forced 

convective fluid flow induced by the motion of a continuous 
solid ribbon over a melt has been done for horizontal rib- 
bon growth. A model has been developed which treats both 
active and passive cooling at the ribbon surface. The re- 
sults show that heat flow from the melt requires active 
cooling in the region of the leading growth edge or growth 
tip. Steady- state liquid-solid Interface shape is analyzed 
and numerical results are given for steady-state pulling 
of Si ribbon. 


TITLE: Degradation of Solar cell Performance by Areal 

lnhomogune i ty 

AUTHOR: F . A . Lindholm, J.A. Mazer, J.R. Davis, and 

J 1 . Arreola 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida; Westinghouse Research and 
Development Center, Pittsburgh, 
Pennsylvania, Instituto Nacional de 
Astrofisica, Optica y Electronics, 

Pueblo, Mexico 

PUBLICATION: Solid-State Electronics, vol. 23, Sept. 

1980, p. 967 971 

ABSTRACT: Calculations have been made that show how 

severely areal inhomogeneity can degrade solar cell con 
version efficiency. Two general types of areal inhomo 
gencily are discussed. In the first type, the emitter 
recombination current controls the I V characteristics for 
voltages near the maximum power voltage, and areal varia 
tions in Lhe structural or material parameters of the emit- 
ter are assumed Lo occur. For this type of areal inhomo 
geneiLy, the base recombination current controls the dark 
I-V characteristics, and areal variations in the base 
minority carrier lifetime are assumed to occur. For this 
type, the poor quality area again dominates in determining 
the conversion efficiency, though less strongly than for 
the first type of areal inhomogeneity. An extension of 
the method used to demonstrate this behavior can provide a 
first order solution of the general three dimensional 
boundary value problem resulting from areal inhomogeneity; 
this extension is briefly described. 


TITLE: Diagnostic Study of BSF Silicon Solar Cells 

AUTHOR: H. Yoo, P. lies, F. Ho, C. Pollock, and K. Koliwad 

CORPORATE AUTH: Applied Solar Energy Corp., City of 

Industry, California; Jet Propulsion 
Laboratory 

MEETING LOCATION: Symposium on Materials and New 

Processing Technologies for 
Photovol t a i c s , Hollywood, Florida, Oct. 
1980, Proceedings. (A82- 34076 16 44) 
Pennington, New Jersey, Electrochemical 
Society, Inc., 1981, p. 147-158. 

ABSTRACT: Solar cells equipped with back surface fields 

(BSF) were fabricated by means of an aluminum alloy, boron 
diffusion, and boron ion implantation. The importance of 
initial thickness, resistivity, orientation, and the 
crystal growth method were examined. Aluminum in paste 
form was screen printed on the cell, followed by alloy 
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t ut mat Ion at 800 C tor a minute. A^Ucilioii of the BSFs 
resulted in open circuit voltage improvements dependent on 
the substrate resistivity, ranging from 10 mV at 0.3 ohm-cm 
to 40 mV at 15 ohm-cm. The gains in performance were 
attributed to a longer penetration depth, a heightened 
concentration profile at the interface, and higher con- 
centrations in the p + layer. 


TITLE: Analytical Calculation of Thickness Versus 

Diameter Requirements of Silicon Solar Cells 
AUTHOR: C.P. Chen 

CORPORATE AUTHOR: Jet Propulsion Laboratory 

MEETING LOCATION: Symposium on Materials and New 

Processing Technologies for 
Photovoltaic s , Hollywood, Florida, Oct. 
1980, Proceedings. (A82 34076 16 44) 
Pennington, New Jersey, Electrochemical 
Society, Inc,, 1981, p. 187195 

ABSTRACT: It may be more cost effective to produce larger 

diameter Si Cz solar cells. However, greater thickness is 
anticipated to be necessary for larger diameter wafers to 
withstand wafering, cell processing and handling. No 
material standard for these dimensional requirements is 
practical or cost-effective for cell manuf acturer s . The 
equations relating wafer thickness and diameter were de- 
rived by using fracture mechanics analysis, An analytical 
model was used as a guideline to estimate thickness versus 
diameter requirements of Si solar cells in terms of frac- 
ture mechanics parameters. 

TITLE: Relatively Low- Temper ature Pyrolysis of Silane in 

Free Space 
AUTH: H. Levan 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Symposium on Materials and New 

Processing Technologies for 
Photovoltaics , Hollywood, Florida, Oct. 
1980, Proceedings. (A82-34Q76 16 44) 
Pennington, New Jersey, Electrochemical 
Society, Inc., 1981, p 68 79 

ABSTRACT: The continuous flow pyrolyzer is a free space 

reactor that is used to study the effects of concentra 
lion, flow rate and temperature in making solar grade Si 
by pyrolysis of silane gas. Work with the continuous flow 
pyrolyzer is within the LSA Project. The work has led to 
a new theoretical treatment of silane pyrolysis in free 
space at relatively low temperatures (550 C to 750 C) . It 
involves a sequential, three step mechanism of particle 
growth: first. Si atom generation by homogeneous reaction; 
second, coagulation to a 01 micron particle due to 
Brownian motion and van der Waals forces; and finally, 
chemical vapor deposition by heterogeneous reaction to 
final particle size. 

TITLE: Development of a Weatherable Acrylic Elastomer for 

Solar Cell Encapsulation 
AUTHOR: R Liang, A Yavrouian, and A. Gupta 
CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Symposium on Materials and New 

Processing Technologies for 
Photovoltaics, Hollywood, Florida, Oct. 
1980, Proceedings. (A82 34076 16 44) 
Pennington, New Jersey, Electrochemical 
Society, Inc., 1981, p. 261 265 

ABSTRACT: Poly n buty 1 aery i ate (PnBA) will be discussed 

as a potential candidate to be used In solar cell encap 
aulation. A new process has been developed in which PnBA 
can be readily cross linked from s solvent free syrup by a 
thermal process to give a highly flexible transparent film 
which does not creep significantly at temperature of up to 
90 C. This process can be automated without the use of 
high cost capital equipment. Photodegradation of PnBA has 
also been modeled as a function of wavelengths and inten- 
sities. Its photostabl 1 1 ty will be discussed. 


I lilt; Photovoltaic Encapsulation Materials 
AUTHOR: B. Baum, P.W. Willis, and E.C. Cuddihy 

CORPORATE AUTH: Springborn Laboratories, Inc., Enfield, 

Connecticut; Jet Propulsion Laboratory 
MEETING LOCATION: Symposium on Materials and New 

Processing Technologies for 
Photovoltaics, Hollywood, Florida, Oct. 
1980, Proceedings. (A82-34076 16 44) 
Pennington, New Jersey, Electrochemical 
Society, Inc., 1981, p. 223 260 

ABSTRACT: Candidate materials for the construction of 

cost effective solar cell flat array modules are reviewed. 
Fabrication goals include electricity production at $.70/W 
with a lifetime of 20 yr. Research is currently directed 
toward Low cost encapsulants and substrates for the cells, 
and outer covers which resist weathering. EVA at $.09/sq 
ft has displayed the most promising results as the encap 
sulant laminate when subjected to peroxide cross linking 
to prevent melting. EVA accepts the addition of antioxi 
dants, quenchers, absorbers, and stabilizers. Wood is 
favored as the rigid substrate due to cost, while top 
covers in substrate modules comprise candidate acrylic and 
polyvinyl fluoride films and a copolymer. Finally, fiber 
glass mat is placed between the substrate and the EVA pot 
taut as a mechanical support and for electrical insulation. 

TITLE: Heterogeneous Decomposition of Silane in a Fixed 

bed Reactor 

AUTHOR: S.K. lya, R.N. Flagella, and F.S. Dipaolo 

CORPORATE AUTH: Union Carbide Corp. , Tonawanda, New York 

MEETING LOCATION: Symposium on Materials and New 

Processing Technologies for 
Photovoltaics, Hollywood, Florida, Oct. 
1980, Proceedings. (A82 34076 16 44) 
Pennington, New Jersey, Electrochemical 
Society, Inc., 1981, p. 80 91 

ABSTRACT: Heterogeneous decomposition of silane in a 

fluidized bed offers an attractive route for the low cost 
production of si for PV application. To obtain design 
data for a fluid bed silane pyrolysis reactor, deposition 
experiments were conducted in a small-scale fixed bed 
apparatus. Data on the decomposition mode, plating rate, 
and deposition aiurphology were obtained in the temperature 
range 60U to 900 C. Conditions favorable for heterogenous 
decomposition with good deposition morphology were identi 
fied. The kinetic rate data showed the reaction to be 
first order with an activation energy of 38.8 kcal/mole, 
which agrees well with work done by others. The results 
are promising for the development of an economically 
attractive fluid bed process. 

TITLE: Silicon Sheet - A Key to Low Cost Solar Cells 

AUTHOR: R.H. Hopkins 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania 
MEETING LOCATION: Symposium on Materials and New 

Processing Technologies for 
Photovoltaics, Hollywood, Florida, Oct. 
1980, Proceedings. (A82 34076 16-44) 
Pennington, New Jersey, Electrochemical 
Society, Inc., 1981, p. 92-107 

ABSTRACT: The levels of advancement of various methods of 

mass producing Si sheets for solar cells are assessed. 
Indirect methods involve initial formation of the crystal 
and then sawing to shape. Growth is produced by either 
the Cz method or by directional freezing. Direct methods 
involve forming the finished cell in a one step process, 
and include capillary shaping, dendritic web, ribbon to 
ribbon, Si on ceramic, horizontal ribbon growth, roller 
quenching, and filament guided ribbon growth. The pro- 
duction of commercially producible cells by Indirect 
methods is not regarded as possible. The Si on ceramic 
process called SCIM is mentioned to avoid impurities build- 
up by passing graphltlzed mulllte substrate through molten 
Si up to a rate of 30 cm/mln. An efficiency of 10.5% was 
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reported in 1980. Automation la noted to be the pruduc 
tion snag, especially for Si web and edge defined growLh 
methods. The Utter has yielded 14 . 5% efficient cells. 


TITLE: High Efficiency and Radiation Hard Solar Cells 

from Dendritic Web Silicon Ribbon 
AUTHOR: A. Rohatgi, J.R. Davis, P. Kai Choudhury, 

R.G. Seidenst i cker , and R.B. Campbell 
CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania 
MEETING LOCATION: Symposium on Materials and New 

Processing Technologies for 
Photo vol t a i c s , Hollywood, Florida, Oct. 
1980, Proceedings. (A82 34076 16 44) 
Pennington, New Jersey, Electrochemical 
Society, Inc., 1981, p. 108 118 

ABSTRACT: Features and performance of dendritic web Si 

solar ceils are examined and compared with FZ Si cells. 

The web is grown between two dendrites withdrawn from 
molLcn Si through a freezing slot. Present web grown 
wafers contain three (111) twin planes parallel to the 
surface. Sample n p p cells were produced with boron 
doping and a resistance of 1 10 ohm cm, and FZ cells were 
grown at 850 C for the front junction and 950 C for the 
back, surface field. Current voltage characteristics of 
both kinds of cells were studied at 91.6 mW/sq cm illumin 
ation under AMI conditions. The ceils were also examined 
for radiation resistance by exposure to a 1 MeV electron 
beam and subsequent observations by spectroscopy. Both 
cells feaLured a maximum efficiency of 15%, a figure which 
was slightly higher after oxide passivation treatment. The 
web and FZ cells tolerated radiation equally. 


TITLE: Current Status of Solar Cell Performance of 

Unconventional Silicon Sheets 
AUTHOR: H.l. Yoo and J.K. Liu 

CORPORATE AUTH: Applied Solar Energy Corp., City of 

Industry, California; Jet Propulsion 
Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Third International 
Conference, Cannes, France, Oct. 27-31, 
1980. (A82 24101 10 44) Dordrecht, D. 
Reidel Publishing Co., 1981, p. 548 552 

ABS1KAC1: If- is pointed out that activities in recent 

years directed towards reduction in the cost of Si solar 
cells for terrestrial PV applications have resulted in 
impressive advancements in the area of Si sheet formation 
from melt. The techniques used in the process of sheet 
formation can be divided into two general categories. All 
approaches in one category require subsequent ingot wafer 
ing. The various procedures of the second category produce 
Si in Bheet form. The performance of baseline solar cells 
is discussed. The baseline process included identifies 
tion marking, slicing to size, and surface treatment (etch 
polishing) when needed. Attention is also given to the 
performance of cells with process variations, and the 
effects of sheet quality on performance and processing. 


TITLE: Sere enable All Metal Solar Cell Electrodes of 

Nickel and Copper 
AUTHOR: B. Ross and D.B. Bickler 

CORPORATE AUTH: Bernd Ross Associates, San Diego, 

California; Jet Propulsion Laboratory 
MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Third International 
Conference, Cannes, France, Oct, 27-31, 
1980. (A82 24101 10 44) Dordrecht, D. 

Reidel Publishing Co., 1981, p. 674-678 

ABSIRAC1: Screenable thick film solar cell electrodes are 

made using the all metal electrode system, which eliminates 
the commonly used glass frit and substitutes an oxide scav- 
enger such as silver fluoride. The low temperature firing 
copper metal systems give good results on solar calls ob- 


taining coll u! 1 ic Uncles ol 13% AMI, and adhering sintered 
structures are demonstrated with nickel systems. The po 
tential effect of copper upon cell performance at elevated 
temperatures over long periods of time is determined, and 
it Is found that the formation of a copper Si eutectic at 
550 C produces needle like structures with broad bases on 
the silicon, extending into and occasionally through the 
metallization layer. 


TITLE: Directional Solidification of MG Silicon by Heat 

Exchanger Method for Photovoltaic Applications 
AUTHOR: F. Schmid, H. Basaran, and C.P. KhatLak 

CORPORATE AUTH: Grystal Systems, Inc., Salem, 

Massachuset ts 

MKEilNG LOLA LION: Photovoltaic Solar Energy Conference; 

Proceedings of the Third international 
Conference, Cannes, France, Oct. 27-31, 
1980. ( A82-24101 10 44) Dordrecht, D. 
Reidel Publishing Co., 1981, p. 252 256 

ABSTRACT: None. 


TITLE : Natural Sunlight Accelerated Weathering of 

Photovoltaic Modules 

AUTHOR: G.A. Zerlaut, T.B. Anderson, and J.C. Arnett 

CORPORATE AUTH: DSET Laboratories, Inc., Phoenix, 

Arizona; Jet Propulsion Laboratory 
MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Third International 
Conference, Cannes, France, Oct. 27 31, 
1980. (A82-24101 10-44) Dordrecht, D. 

Reidel Publishing Co., 1981, p. 751 755 

ABSTRACT: PV modules are exposed to the equivalent of ten 

years of sunlight aging in an accelerated exposure testing 
and evaluation program, the objective being to determine 
the long term durability characteristics of flat plate mod 
ules in comparatively short periods of time. The modules 
are illuminated with concentrated sunlight in a large, sun 
tracking, Fresnel reflecting solar concentrator. The 
effects of the accelerated exposure are assessed by per- 
forming periodic visual inspections and electrical measure 
ments. It is found that Held-experienced failure modes 
are duplicated, that acceleration factors of 6x to 8x are 
readily attainable, and that the test method is feasible 
as a predictive tool for PV module lifetime durability. 


TITLE: Evaluation of Silicon on Ceramic Material for 

Low Cost Solar Cells 
AUTHOR: J.D. Zook 

CORPORATE AUTH: Honeywell Corporate Technology Center, 

Bloomi ngdale , Minnesota 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Third International 
Conference, Cannes, France, Oct. 27-31, 
1980. (A82 24101 10-44) Dordrecht, D. 
Reidel Publishing Co., 1981, p. 569-573 

ABSTRACT: The SOC process produces thin layers of Si on 

inexpensive ceramic substrates. The layers are produced 
by unidirectional solidification of molten Si, and are 
polycrystalline. Solar cells made from SOC material have 
performed with a conversion efficiency of 10.5%. In con- 
nection with the objective to improve the efficiency of 
SOC solar cells, an investigation was conducted to assess 
the relative importance of grain boundaries and impurities. 
In order to separate the two effects, LBIC measurements of 
the short-circuit current were made using a micron- s i zed 
light beam from a monochromator. The LBIC measurements 
are closely related to solar cell performance since the 
technique identifies the various spatial and spectral con- 
tributions to solar cell current. On the basis of the ob- 
tained results, it appears that structural defects are more 
important than chemical defects in limiting the performance 
of present SOC solar cells. 
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11 lit: Low Lust Solar Array Project Progress ami Plans 

AUTHOR: W . 1 . Callaghan 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Third International 

Conference, Cannes, Prance, Oct. 27 31, 

1980. (A82-24101 10 44) Dordrecht, D. 

Keidel Publishing Co., 1981, p. 279 286 

ABSTRACT : The considered project is part of the DOE PV 

Technology and Market Development Program. This program is 
concerned with the development and the utilization of cost 
competitive PV systems. The project has the objective to 
develop, by 1986, the national capability to manufacture 
low cost, long life PV arrays at production rates that will 
realize economies of scale, and at a price of less than 
$0./0/W. The array performance objectives include an effi- 
ciency greater than 10X and an operating lifetime longer 
than 20 yr. The objective of the Si material task is to 
establish the practicality of processes for producing 
silicon suitable for terrestrial PV applications at a price 
of $14/kg. The large area sheet task is concerned with 
the development of process technology for sheet formation. 
Low cost encapsulation material systems are being developed 
in connection with the encapsulation task. Another project 
goal is related to the development of economical process 
sequences . 


TITLE: Progress Toward Goals in Silicon Sheet Development 

AUTHOR: K.M. Koliwad and M.H. Leipold 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION; PhoLovoltaic Solar Energy Conference; 

Proceedings of the Third International 
Conference, Cannes, France, Oct. 27-31, 
1980. (A92- 24101 10 44) DordrechL, D. 

Reidel Publishing Co., 1981, p. 228 235 

ABSTRACT: One of the goals of the national PV program in 

the U.S. is the establ i aliment of an industry producing PV 
material which can be sold at a price not exceeding $0.70/W 
by 1986. A key element concerning the achievement of this 
goal is the development and utilization of improved methods 
for producing Si sheet. Specific technologies being inves 
tigaLed in this connection can be divided into two cate 
guries. Methods of one category are based on a utilization 
of sheet growth techniques Including film fed growth, don 
dritic web, and S i ■ on - ceramic processes. The approaches 
used by methods of the second category involve ingot and 
watering processes, including Cz growth, the heat exchange 
method, multiblade procedures, and the use of a fixed abra- 
sive multiwire. It is found that using $84/Kg Si, most 
sheet technologies would yield module prices in the %2 . 00/W p 
to $3 . 00/Wp range. 

TITLE: A U.S. View of Silicon Production Processes 

AUTHOR: R. Lutwack 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Third International 
Conference, Cannes, France, Oct. 27 31, 
1980 (A82 29101 10 49) Dordrecht, D. 

Reidel Publishing Co., 1971, p. 220 227 

ABSTRACT: One of the objectives of the LSA Project is the 

demonstration of the practicality of processes for produc- 
ing Si, suitable for fabricating solar cells for terres 
trial appl icalions , at prices loau than |14/Kg. Approaches 
being investigated are related to a metallurgical Si/si 
lane/Si process, a metallurgical Si /di chloros l lane/S i emena 
type process, and a Si tetrachloride zinc reduction pro 
cess. There is a great probability that the first process 
will yield semiconductor grade Si at a price less than 
$14/Kg. The second process appears to be capable of pro* 
viding polysilicon with a purity equivalent to the present 
commercial semiconductor grade Si at a price of about 
$20/Kg . An important part of the program is the investiga- 
tion of the effects of impurities on the performance of 
solar cells. 


\ lil t: iLiivsli Ul Photovoltaic Per t u nuance Relerence 

Com! i t ions 

AUTHOR: K.G. Ross, Jr. 

CORPORATE AUTH; Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Third International 
Conference, Cannes, France, Oct. 27 31, 
1980. ( A82 24101 10 44) Dordrecht, D. 

Keidel Publishing Co., 1981, p. 731 735 

ABSTRACT: The rationale behind the selection of key PV 

performance reference (reporting) conditions, including 
the standard AMI . 5 solar speclrum and reference irradiance 
and cull temperature levels, is investigated. besides 
providing a repeatable reference for performance compari 
sons, it is shown that Lhe choice of reference conditions 
directly controls the accuracy of array energy output pre 
diction calculations. Conclusions are drawn on the 
accuracy associated with present reference conditions, and 
recommendations are made concerning alternative reference 
conditions with improved accuracy. 


TITLE: Multiple EFG Silicon Ribbon Technology as the 

basis for Manufacturing Low Cost Terrestrial Solar 
Cells 

AUTHOR: B. Mackintosh, J.P. Kalejs, C.T. Ho, and F.V. Wald 

CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusetts 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Third International 
Conference, Cannes, France, Oct 27-31, 
1980. (A82 24101 10 44) Dordrecht, D. 
Reidel Publishing Co., 1981, p. S53 557 

ABSTRACT: Mackintosh et al. (19/8) have reported on the 

development of a multiple ribbon furnace based on the EFG 
process for the fabrication of Si ribbon. It has been 
demonstrated that this technology can meet the requirements 
for a Si substrate material to be used in the manufacture 
of solar panels which can meet requirements regarding a 
selling price ut tO.70/W p when certain goals in terms of 
throughput and quality are achieved. These goals for the 
multiple ribbon technology using 10 cm wide ribbon require 
simultaneous growth of 12 ribbons by one operator at aver 
age speeds of 4 to 4.5 cm/miri, and 131 efficient solar 
cells. A description is presented of the progress made 
toward achieving these goals. It Is concluded that the 
required performance levels have now been achieved. The 
separate aspects of technology must now be integrated into 
a single prototype furnace. 

TITLE: Silicon Solar Cells with Nickel/Solder 

Meta 1 1 i zat ion 

AUTHOR : R.C. Peterson and A. Muleo 

CORPORATE AUTH: Solarex Corp., Rockville, Maryland 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Third International 
Conference, Cannes, France, Oct. 27-31, 
1980. (A82 24101 10 44) DordrechL, D . 
Reidel Publishing Co., 1981, p. 684 690 

ABSTRACT: The use of nickel plus solder is shown to be 

feasible for contact metallization for Si solar cells by 
offering a relatively inexpensive method of waking elec- 
trical contact with the cell surfaces. Nickel is plated 
on Si solar cells using an electroless chemical deposition 
method to give contacts with good adhesion, and in some 
cases where adhesion is poor initially, sintering under 
relatively mild conditions will dramatically improve the 
quality of the bond without harming the p n junction of 
the cell. The cells can survive terrestrial environment 
stresses, which is demonstrated by a 1000 h test at 85 C 
and 85X relative humidity under constant forward bias of 
0.45 V. 
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nit.K: The impact o( Mu I yhdenum uu SlLlcon and Silicon 

Solar Cell Performance 

AUTHOR: A. Rohatgi, R.H. Hopkins, J.R. Davis, 

R.B. Campbell, and H . C . Mol lenkopf 
CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania; Hemlock 
Semiconductor Corp., Hemlock, Michigan 
PUBLICATION: Solid State Electronics, vol . 23, Nov. 1980, 

p. 1185-1190 

ABSTRACT: Deep level transient spectroscopy coupled with 

dark and lighted IV measurements were used to study the 
electrical properties of Si crystals and solar cells pur 
posely contaminated with controlled amounts of molybdenum. 
Mo severely degrades minority carrier lifetime, and hence 
solar cell performance, by inducing a recombination center 
at Ev i 0.30 eV . Neither HCl nor POCl-j gettering at ten. 
peratures as high as 1100 C and times up to five hours mit- 
igate the effects of Mo. Because the Mo segregation coef- 
ficient is small, 4.5 x 10 8 , impurity contamination of 
Si during crystal growth can be kept below the levels for 
which electrical properties are affected. 


TITLE: The Generation of Electron Hole Pairs in Very Thin 

Solar Cells Possessing an Optical Back Surface 
Kef lector 

AUTHOR: O. Von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Applied PhysicB, vol. 51, Dec. 

1980, p. 6426 6428 

ABSTRACT: It is pointed out that very thin solar cells 

(1 micron thick or less) as, for example, amorphous Si or 
cadmium sulfide cells, possessing a back surface reflector 
should be regarded as Fabry- Perot cavltieB as far as the 
generation of electron hole pairs by light is concerned. 
The generation rate of electron hole pairs as a function 
of distance from the front surface exhibits characteristic 
interference patLorns which are not negligible and must be 
accounted for in an analysis of the performance of such a 
cell . 


TITLE: Investigation of Contact Metallization Systems for 

Solar Cells 

AUTHOR: R.B, Campbell and A. Rohatgi 

CORPORATE AUTH: Westinghouse Electric Corp., Pittsburgh, 

Pennsy 1 van i a 

PUBLICATION: Electrochemical Society, Journal, vol. 12/, 

Dec. 1980, p. 2/02 2704 

ABSTRACT: In conventional solar cells, evaporated Ti Pd Ag 

metallization system has been found reliable. However, foe 
low cost terrestrial applications, its cost effectiveness 
may be questioned. Electroplated Ag and Cu have been Inves 
tigated as replacements for evaporated Ag and have given 
results comparable to the evaporated Ti Pd- Ag system. 


TITLE: New Technologies for Solar Energy Silicon - Cost 

Analysis of Dichloros i lane Process 
AUTHOK: C.L. Yaws, K.Y. Li, T.C.T. Chu , C S. Fang, 

R. Lutwack, and A. Uriglio, Jr. 

CORPORATE AUTH: Lamar Univ. , Beaumont, Texas; University 

of Southwestern Louisiana, Lafayette, 
Indiana; Jet Propulsion Laboratory 
PUBLICATION: Solar Energy, vol. 27, no. 6, 1981, 

p. 539 546 

ABSTRACT: A reduction in the cost of Si for solar cells 

is an important objective in a project concerned with the 
reduction of the cost of electricity produced with solar 
cells. The cost goal for the Si material is about $14/kg 
(1980 dollars). The process which Is currently employed 
to produce semiconductor grade Si from t r i chloros i lane is 
not suited for meeting this cost goal. Other processes 
for producing Si are, therefore, being investigated. A 
description is presented of results obtained for the DCS 
process which involves the production of di chloros i 1 ane as 


a SI source material tor solar energy Si. Hajur benefits 
of d ichloros i lane as a Si source material Include faster 
reaction rates for chemical vapor deposition of silicon. 
The DCS process involves the reaction 2SiHCl 3 yields 
reversibly SiH 2 Cl 2 + SiCl A . The results of a ccret 
analysis indicate a total product cost without profit of 
$1 . 29/kg of SiH 2 Cl 2 . 


TITLE: The Properties of Polycrystalline Silicon Solar 

Cells with Controlled Titanium Additions 
AUTHOK: A. Rohatgi, R.H. Hopkins, and J.R. Davis 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania 
PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED- 28, Jan. 1981, p. 103 108 

ABSTRACT: By coupling the results of electrical measure 

ments, such as spectral response, lighted and dark IV 
determinations, and deep level transient spectroscopy with 
optical and laser scan photomicroscopy, the effects of 
grain boundaries and impurities on Si solar cells were 
evaluated. Titanium, which produces two deep levels in 
si, degrades cell performance by reducing bulk lifetime 
and thus cell short-circuit current. Electrically active 
grain boundaries induce carrier recombination in the bulk 
and depletion regions of the solar cell. Experimental 
data imply a small but measurable segregation of titanium 
into some grain boundaries of the polycrystalline Si con- 
taining high Ti concentration. However, for the titanium- 
contaminated polycrystalline material used in this study, 
solar cell performance is dominated by the electrically 
acLive titanium concentration in the grains. Microstruc- 
Lural Impacts on the devices are of secondary importance 

TITLE: The Depletion Layer of Amorphous p-n Junctions 

AUTHOR: O. Von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Applied Physics, vol. 52, Feb. 

1981, p. 1096, 1097 

ABSTKAC1 : It is shown that within reasonable approxima 

lions for the density of state distribution within the 
mobility gap of a- Si, a one to-one correspondence exists 
between the electric field distribution in the transition 
region of an amorphous p n junction and that in the deple 
tion layer of a crystalline p n junction. Thus it is in- 
ferred that the depletion layer approximation which leads 
to a parabolic potential distribution within the depletion 
layer of crystalline junctions also constitutes a fair 
approximation in the case of amorphous junctions. This 
fact greatly simplifies an analysis of solid state elec 
tronic devices based on amorphous material (i.e., solar 
cells) . 


TITLE: Effect of Zinc Impurity on Silicon Solar Cell 

Ef f i c iency 

AU1H0R: C.T. Sah, P.C.H. Chan, C.-K. Wang, K.A. Yamakawa, 

R. Lutwack, and R.L.-Y. Sah 

CORPORATE AUTH: Illinois Univ., Urbana, Illinois; Jet 

Propulsion Laboratory 

PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED-28, Mar. 1981, p. 304-313 

ABSTRACT; Zinc is a major residue impurity in the prepare 
tion of solar grade Si material by the zinc vapor reduction 
of Si tetrachloride. This paper projects that in order to 
get a 17% AMI cell efficiency for the Block IV module of 
the LSA Project, the concentration of the zinc recombine 
tion centers in the base region of Si solar cells must be 
less than 4 x 10 11 Zn/cu cm in the p base n + -p p 4 cell and 
7 x 10 11 Zn/cu cm in the n base p 4 -n-n + cell for a base 
dopant impurity concentration of 5 x 10 14 atoms/cu cm. 

If the base dopant impurity concentration is increased by 
a factor of 10 to 5 x 10^ atoms/cu cm, then the maximum 
allowable zinc concentration is increased by a factor of 
about two for a 171 AMI efficiency. The thermal equilib- 
rium electron and hole recombination and generation rates 
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at the double acceptor xluc centers are obtained from pie 
vious high field measurements as well as new measurements 
at zero field described in this paper. These rates are 
used in the exact dc-circuit model to compute the 
proj ec t ions . 


TITLE: Short Interval Testing of Solar Cells 

AUTHOR: C.R. Saylor and J.W. Lathrop 

CORPORATE AUTH: Clemaon University, Clemson, South 

Carolina 

MEETING LOCATION: SOUTHEASTCON '81; Proceedings of the 

Region 3 Conference and Exhibit, 
Huntsville, Alabama, April 58, 1981. 
(A81 44676 21 31) Piscataway, New 
Jersey, Institute of Electrical and 
Electronics Engineers, Inc., 1981, 
p. 561 564 

ABSTRACT: A drawback, of conventional electrical evaluation 

procedures regarding solar cells is related to time consum- 
ing operations required in the determination of specific 
parameters, such as the maximum power point, from the 
plotled curves, and to the transfer of data to a large 
digital computer for analysis and manipulation. This is 
especially true when large numbers of cells must be 
measured. To overcome such drawbacks, a digital short 
interval tester was designed and constructed. The new 
tester provides rapid and accurate measurements at con- 
stant temperature. The utilization of a light shutter 
makes it possible to measure up to 200 data points along 
the IV curve in less than a sec, thus avoiding thermal 
effects. Because the system is digital, parameters such 
as the maximum power may be calculated directly from the 
data . 


TITLE: Development of an Accelerated Reliability Test 

Schedule for Terrestrial Solar Cells 
AUTHOR: J.W. Lathrop and J.L Prince 

CORPORATE AUTH: Clemson University, Clemson, South 

Carolina 

PUBLICATION: National Association of Corrosion Engineers, 

International Corrosion Forum, Toronto, 
Canada, Apr. 6 10, 1981, Paper. 20 p 

ABSTRACT: An accelerated test schedule using a minimum 

amounL of Lests and a minimum number of cells has been 
developed on the basis of stress test results obtained 
from more than 1500 cells of seven different cell types. 
The proposed tests, which include bias temperature, bias- 
temperature humidity, power cycle, thermal cycle, and 
thermal shock tests, use as little as 10 and up to 25 
cells, depending on the test type. 

TITLE: A Quantitative Method for Photovoltaic Encapsula 

Lion System Optimization 

AUTHOR: A. Garcia, III, C.P. Minning, and E.F. Cuddihy 

CORPORATE AUTH; Spectrolab, Inc., Sylmar, California; 

Hughes Aircraft Co., Culver City, 
California; Jet Propulsion Laboratory 
MEETING LOCATION: Material and process applications 

Land, sea, air, space; Proceedings of 
the Twenty sixth National Symposium and 
Exhibition, Los Angeles, California, 
April 28 30, 1981. (A81 44326 21 23) 
Azusa, California, Society for the 
Advancement of Material and Process 
Engineering, 1981, p. 108 118 

ABSTRACT: It is pointed out that the design of encapsula- 

tion systems for flat plate PV modules requires the ful- 
fillment of conflicting design requirements. An investiga 
tion was conducted with the objective to find an approach 
which will make it possible to determine a system with 
optimum characteristics. The results of the thermal, 
optical, structural, and electrical isolation analyses 
performed in the investigation indicate the major factors 
in the design of terrestrial PV modules. For defect-free 


mat dials, minimum encapsu 1 at ion thicknesses are determined 
primarily by structural considerations. Cell temperature 
is not strongly affected by encapsulant thickness or 
thermal conductivity. The emissivity of module surfaces 
exerts a significant influence on cell temperature. Encap- 
sulants should be elastomeric, and ribs are required on 
substrate modules. Aluminum is unsuitable as a substrate 
material. An t i re t lec t i on coating la required on cell 
surfaces . 


TITLE: Transport Velocity Transformation - A Convenient 

Method for Performance Analysis of Multilayer 
Solar Cell Structure 
AUTHOR: M. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania 

PUBLICATION: IEEE Transactions on Electron Devices, vol . 

ED 28, May 1981, p. 566 573 

ABSTRACT: It is noted that in the case of low level injec 

Lion, space charge quasi neutral i ty , and spatially constant 
material parameters (including an electrostatic field), the 
individual layer can be treated analytically and the basic 
solar cell performance parameters can be evaluated from 
three equations. The first equation represents the trana 
formation of the transport velocity across the layer from 
the other layer boundary. The second establishes the 
light generaLed current output from the layer interface, 
under the influence of the transport velocities and 
minority carrier density at both layer boundaries and of 
bulk recombination. The third equation describes the flow 
of these carriers across other layers. The power of the 
approach is considered to lie in its facility for analysis 
of the solar cell's performance layer by layer, giving a 
clear picture of the individual layer's influence on cell 
efficiency . 

TITLE: Accelerated Weathering of Photovoltaic Modules 

Employing Natural Sunlight 

AUTHOR: G , A ZurlauL, T.E. Anderson, and J.C. Arnett 

CORPORATE AUTH: DSET Laboratories, Inc., Phoenix, 

Arizona; Jet Propulsion Laboratory 
MEETING LOCATION: Environmental Stress Impact and 

Environmental Engineering Methods; 
Proceedings of the Twenty seventh 
Annual Technical Meeting on Emerging 
Environmental Solutions for the 
Eighties, Los Angeles, California, May 
57, 1981. Volume 1 (A83 31476 13 38). 

Mt . Prospect, 1L, Institute of 
Environmental Sciences, 1981, p. 51-55 

ABSTRACT: None 


TITLE: Outdoor and Laboratory Testing of Photovoltaic 

Hod u 1 e s 

AUTHOR: A. Hoffman, P. Jaffe, and J. Griffith 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Environmental Stress Impact and 

Environmental Engineering Methods; 
Proceedings of the Twenty seventh 
Annual Technical Meeting on Emerging 
Environmental Solutions for the 
Eighties, Los Angeles, California, May 
57, 1981. Volume 1 (A83 31476 13 38). 
Mt . Prospect, Illinois, Institute of 
Environmental Sciences, 1981, p. 32-39 

ABSTRACT: An overview of outdoor and laboratory testing 

being applied to terrestrial PV modules is presented. 
Descriptions of the test procedures, examples of results, 
and discussion of the advantages and s hortcoml ngs of each 
approach are included. The test program consists of real 
time outdoor testing of systems, modules and materials, 
and accelerated outdoor testing and laboratory testing of 
modules. Thu test results suggest that the various types 
of tests complement each other and contribute toward the 
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objective ol verity lug the env 1 runmenlal suitability ot 
the product. A description of representative PV systems 
operational in the U.S. in 1981 is presented, along with 
an identification, description, and physical inspection 
summary of JPL test module sites and a summary of degrada 
tiun and failure data for the modules. 


TITLE: Improved Performance from Solar Cells Made From 

Candidate Sheet Silicon Materials 
AUTHOR: H.l. Yoo, PA. lies, D.C. Leung, and S. Hyland 

CORPORATE AUTH: Applied Solar Energy Corp., City of 

Industry, California; Jet Propulsion 
Laboratory 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

( A82 44 928 23-44) New York, 1981, 
p. 598 602 

ABSTRACT: Performance of solar cells made from various 

candidate Si sheets is updated and the results are pre 
sented. Solar cells were fabricated using a baseline 
process and other process variations, and tested under AMI 
conditions. Performance of the baseline solar cells in 
dicates that remarkable improvements in material quality 
have been achieved for most of the sheets, showing effi 
ciencies close to that of the control cells made from con 
ventional Cz Si. Process variations (or additions), in 
general, have resulted in significant improvements in all 
performance with a degree of change dependent on the pro 
cess chosen and to a certain extent the sheet quality. 

TITLE: System Design and Reliability Considerations for 

an Intermediate Size Photovoltaic Power System for 
a Remote Application 

AUTHOR: G.T. Noel, L.H. Stember, and D.C. Carmichael 

CORPORATE AUTH: Battelle Columbus Laboratories, Columbus, 

Ohio 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15 , 1981, Conference Record. 

(A82 44928 23-44) New York, 1981, 
p. 725 731 

ABSTRACT: The design of a PV power system for remote 

applications is described. The preliminary requirements 
placed on the Bystem are high reliability of power and low 
life cycle cost, considering equipment, remote instal- 
lation, and operation and maintenance costs. The design 
incorporates flat panel modules assembled onto steel 
frames and prewired prior to shipment to the site, in 
order to minimize on-site installation costs, skilled 
labor requirements, and risk of costly delays and failures. 
Other components include power conditioning units, battery 
storage, battery charger, back-up diesel generators, and 
controls. A methodology for system reliability analysis 
using the fault-tree technique is illustrated to aid in 
system design, and an assessment is made of mean time 
between failures, mean time to restore/repair, and system 
ava liability. 


TITLE: Large Area Si 1 icon-on -Ceramic Substrates for 

Low-Cost Solar Cells 

AUTHOR: S.B. Schuldt, J.D. Heaps, F.M. Schmid, J.D. Zook, 

and B.L. Grung 

CORPORATE AUTH: Honeywell Corporate Research Center, 

Bloomington, Minnesota 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 
(A82-44928 23-44) New York, 1981, p. 
934- 940 

ABSTRACT: The SCIM process to produce SOC substrates has 

been investigated for various growth conditions and sub- 
strate velocities (4-30 cm/min). Slotted mulllte-based 
substrates (10-cm-wide by 100-cm-long) have been coated 


with sitiool h , continuous Si Layers, with thicknesses in l lie 
range from 100 to 300 microns. Thermal stress (which can 
be a problem at low velocities) is prevented by proper 
thermal design. The highest SCIM- coated SOC cell effici- 
encies to date are 7 . 5H (AMI, AR) as compared to 10.51 
(AMI, AR) for dip coated SOC cells. Substantial improve- 
ments in cell efficiency are expected when high purity 
parts are installed in the SCIM coaler. 


TITLE: Thermal and Optical Performance of Encapsulation 

Systems for Flat Plate Photovoltaic Modules 
AUTHOR: C.P. Ninning, J.F. Coakley, C.M. Perrygo, 

A. Garcia, III, E.F. Cuddihy 
CORPORATE AUTH: Hughes Aircraft Co., Culver City, 

California; Spectrolab, Inc., Sylmar, 
California; Jet Propulsion Laboratory 
MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, p. 

750 755 

ABSTRACT: The electrical power output from a PV module is 

strongLy influenced by the thermal and optical character 
islics of the module encapsulation system. Described are 
the methodology and computer model for performing fast and 
accurate thermal and optical evaluations of different en 
capsulation systems. The computer model is used to evalu- 
ate cell temperature, solar energy transmittance through 
the encapsulation system, and electric power output for 
operation in a terrestrial environment. Extensive results 
are presented for both superstrate module and substrate 
module design schemes which include different types of Si 
cell materials, pottants, and ant i ref lect Ion coatings. 

TITLE: Photovoltaic Module Hot-Spot Durability Design and 

Test Methods 

AUTHOR: J.C. Arnett and C.C. Gonzalez 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23-44) New York, 1981, 
p. 1099 1105 

ABSTRACT: As part of the JPL LSA Project, the suscepti- 

bility of fat plate modules to hot spot problems is inves- 
tigated. Hot-spot problems arise in modules when the 
cells become back biased and operate in the negative 
voltage quadrant, as a result of short circuit current 
mismatch, cell cracking or shadowing. The details of a 
qualification test for determining the capability of 
modules of surviving field hot spot problems and typical 
results of this test are presented. In addition, recoin 
mended circuit design techniques for improving the module 
and array reliability with respect to hot-spot problems 
are presented. 


TITLE: Overview - Flat- plate Technology Review of Low 

Cost Solar Array Project 
AUTHOR: W.T. Callaghan 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kisslmnee, Forlda, May 
12-15, 1981, Conference Record. 

(A82 44928 23-44) New York, 1981, 
p. 361 366 

ABSTRACT: Progress and continuing plana for the joint 

NASA/DOE program at JPL to develop the technologies and 
industrial processes necessary for mass production of 
low cost solar arrays (LSA) which produce electricity from 
solar cells at a cost of less than (0.70/W are reviewed. 
Attention is given to plans for a demonstration Si 
refinement plant capable of yielding 1000 KT/yr , and to a 
CVD process with chloros 1 lane , which will yield material 
at a cost of $21/kg. Ingot and shaped-sheet technologies, 


165 



using either Cz growth and lUm led gruwtli methods have 
yielded AMI 15% efficient cells in an automated process. 
Encapsulation procedures have been lowered to $14/sq m, 
and robotics have permitted assembled cell production at a 
rate of 10 sec/cell. Standards are being defined for 
module safety features. It is noted that construction of 
a pilot Si purification plant is essential to achieving 
the 1986 $0 . 70/W cost goals. 


TITLE: The Application of Fracture Mechanics to Failure 

Analysis of Photovoltaic Solar Modules 
AUTHOR: C.P. Chen and M.H. Leipold 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, 
p 1122 1125 

ABSTRACT: Cracking of Si solar cells and solar module 

transparent cover panels such as glass or polymelhyl 
methacrylate ( PMMA ) is a major cause of PV solar module 
failure in field service. Si and cover materials are 
brittle, and cracking of these materials is expected to 
result from the extension of preexisting flaws under 
stress. Study of the cracking mechanisms is therefore an 
appropriate area for the application of fracture mechanics 
principles. In this study, fracture mechanics techniques 
were employed to identify the mode of crack propagation, 
to examine the fracture initiating flaw, to estimate the 
nature and magnitude of fracture stress in the field, and 
to predict analytically the service lifetime. Recom 
mendations for corrective actions are also made. 


TITLE: Surface Recombination Velocity Measurement for 

Silicon Solar Cells 
AUTHOR: T. Daud and L.J. Cheng 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12 15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, 
p. 1183- 1188 

ABSTRACT: For the design and fabrication of Si solar 

cells approaching theoretical ultimate conversion effi 
ciencies, surface recombination velocity plays a crucial 
role. A technique using a scanning electron microscope 
with pulsed electron beam has been developed for the 
measurement of this important parameter for Si surfaces. 
It is shown that the surface recombination velocity(s) 
increases by an order of magnitude when a freshly etched 
sample is left out for a few hours, presumably due to 
generation of surface states A textured FSF cell with a 
high- low junction near the surface shows the effect of 
minority carrier reflection and an apparent reduction of 
s, whereas a tandem junction cell with n + p junction 
near the surface gives larger s value. 


TITLE: Economics of Ingot Slicing with an Internal 

Diameter Saw for Low-Cost Solar Cells 
AUTHOR: T. Daud, J.K. Liu, and G. Fiegl 

CORPORATE AUTH: Jet Propulsion Laboratory; Siltec Corp., 

Menlo Park, California 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23-44) New York, 1981, 
p. 1011 1015 

ABSTRACT: Slicing of Si ingots using diamond impregnated 

internal diameter blade saws has been a standard technology 
of the semiconductor industry. This paper describes work 
on Improvements to this technology for 10 cm dia ingot 
slicing. Ingot rotation, dynamic blade edge control with 
feedback, mechanized blade dressing and development of 
thinner blades are the approaches tried. A comparison of 


the results lot watering with and without Ingot rotation 
is also made. A sensitivity analysis of the major cost 
elements in watering Is performed for 10 cm dia ingot and 
extended to the 15 cm dia ingot case. Various parameter 
values such as machine coat, feed rate and consumable 
materials cost are identified both for single and multiple 
i ngot slicing. 


TITLE: Characterization of HEM Silicon for Solar Cells - 

Heat Exchanger Method 

AUTHOR: K . A . Dumas, C.P. Khattak, and F. Schmid 

CORPORATE AUTH: JeL Propulsion Laboratory; Crystal 

Systems, Inc., Salem, Massachusetts 
MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, 
p. 954 958 

ABSTRACT: The Heat Exchanger Method is a promising low 

cost ingot casting process for material used for solar 
cells. This is Llie only method that Is capable of casting 
single crystal ingots with a square cross section using a 
directional solidification technique. This paper describes 
the chemical, mechanical and electrical properties of the 
HEM Si material us a function of position within the ingot. 

TITLE: FieLd Failure Mechanisms for Photovoltaic Modules 

AUTHOR: L.N Dumas and A. Shumka 

CORPORATE AUTH; Jet Propulsion Laboratory 
MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, 
p. 1091 1098 

ABSTRACT: Beginning in 19/6, Department of Energy field 

centers have installed and monitored a number of field 
lesLs and application experiments using current state of 
the art PV modules. On site observations of module 
physical and electrical degradation, together with in depth 
laboratory analysis of failed modules, permits art overall 
assessment of the nature and causea of early field fail 
ures . Data on failure rates are presented, and key failure 
mechanisms are analyzed with respect to origin, effect, 
and prospects for correction. It Is concluded that all 
failure modes identified to date are avoidable or control- 
lable through sound design and production practices. 


TITLE: A Photovoltaic Industry Overview - The Results of 

a Survey on Photovoltaic Technology 
Industrialization 

AUTHOR: R.R Ferber, K.N. Costogue, J.W. Thornhill, and 

K. Shimada 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23-44) New York, 1981, p. 
261-266 

ABSTRACT: The National PV Program of the United States 

Department of Energy has the objective of bringing PV power 
systems to a point where they can supply a significant 
portion of Lhe UniLed States energy requirements by the 
year 2000. This is planned to be accomplished through 
substantial research and technology development activities 
aimed at achieving major cost reductions and market pane 
tration. This paper presents information derived from a 
limited survey performed to obtain PV industry attitudes 
concerning industrialization, and to determine current 
industry plans to meet the DOE program goals. Si material 
production, a key PV manufacturing industry, is high 
lighted with regards to implementation of technology 
improvement and Si material supply outlook. 
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llll.K; Some tests ol flat Plate Pltolovu 1 la 1c Module Cell 
Temperatures In Simulated field Conditions 
AUTHOR: J.S. Griffith, tt.S. Rathod, and J. Paslaski 

CORPORATE AUTH: Jet Propulsion Laboratory; State Univ. of 

New York, Binghamton, New York 
MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

<A82 44928 23 -44) New York, 1981, 
p. 822 830 

AbSTHACT: The nominal operating cell temperature of solar 

PV modules is an important characteristic. Typically, the 
power output of a PV module decreases 0.5X per deg C rise 
in cell temperature. Several tests were run with artifi- 
cial sun and wind to study the parametric dependencies of 
cell temperature on wind speed and direction and ambient 
temperature. It was found that the cell temperature is 
extremely sensitive to wind speed, moderately so to wind 
direction and rather insensitive to ambient temperature. 
Several suggestions are made to obtain data more typical 
of field conditions. 


TITLE: Effects of Shading and Defects in Solar Cell 

Arrays - A Simple Approach 
AUTHOR: A. Gupta and A . G . Milnes 
CORPORATE AUTH: Jet Propulsion Laboratory; 

Carnegie Mellon University, Pittsburgh, 
Pennsy 1 van 1 a 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, 

p. 1111-1116 


ABSTRACT: Tradeoffs involved in solar cell array arrange 

menls are discussed with the aid of examples and simple 
numerical calculations. The effect of various shading 
conditions on different arrays is studied, along with the 
arrays' tolerance of the effects of open or short circuit 
cells. The effects of cell failure and the benefits of 
providing interconnections between series strings In a 
module spanned by a bypass diode are considered. It is 
found that bypass diodes are desirable both for reasons of 
shading and the possible presence of defects. Power 
losses caused by partial shading depend on the orientation 
of the shading relative to the line of the bypass diodes. 
Open circuit defects or spot shading cause loss of the 
current in the string, while numerous branch circuits 
reduces the voltage loss caused by short circuit cells. 
Interconnections within a module are not likely to be 
beneficial in arrays where there may be a large number of 
bypass d lodes . 


TITLE: Investigation of Solar Cells Fabricated on 

Low Cost Silicon Sheet Materials Using 1 MeV 
Electron Irradiation 

AUTHOR: A . H . Kachare, S.L. Hyland, and G.F. Garlick 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

<A82 44928 23 44 ) New York, 1981, 
p. 603 607 


ABSTRACT: The use of high-energy electron irradiation is 

investigated as a controlled means to study In more detail 
the junction depletion layer processes of solar cells made 
on various low cost Si sheet materials. Results show that 
solar cells made on Cz grown Si exhibit enhancement of 
spectral response in the shorter wavelength region when 
irradiated with high energy electrons. The base region 
damage can e reduced by subsequent annealing at 450 C 
which restores the degraded longer wavelength response, 
although the shorter wavelength enhancement persists. The 
second diode component of the cell dark forward bias cur- 
rent is also reduced by electron irradiation, while thermal 
annealing at 450 C without electron irradiation can also 


produce these same el feels. Electron irradiation produces 
small changes in the shorter wavelength spectral responses 
and junction improvements in solar cells made on WEB, EFG, 
and HEM Si. It is concluded that these beneficial effects 
on cell characteristics are due to the reduction of oxygen 
associated deep level recombination centers in the n + 
diffused layer and in the junction. 


TITLE: The Solar Cell Laser Scanner 

AUTHOR: E.L. Miller, S.-S. Chern, and A. Shumka 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A62 44928 23-44) New York, 1981, 
p. 1126 1133 

ABSTRACT: Aa part of the LSA Project at JPL, failure 

analyses have been performed on over 300 PV modules from 
thirty different manufacturers and five countries. 

Because of the volume of work and the variety of module 
typos encountered, It has been necessary to develop non- 
destructive techniques to rapidly locate the failure 
sites. This paper will present design details and results 
obtained with one instrument developed specifically for 
this purpose, the Solar Cell Laser Scanner (SCLS). The 
effects of applying a bias current to the modules will 
also be discussed, based upon experimental observations 
and computer generated predictions. 


TITLE: Defect Design of Insulation Systems for 

Photovoltaic Modules 
AUTHOR: G.R. Hon 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: I5th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

U82 44928 23 44) New York, 1981, 
p. 964 971 

ABSTRACT: A defect design approach to sizing electrical 

insulation systems for terrestrial PV modules is presented. 
It consists of gathering voltage breakdown statistics on 
various thicknesses of candidate insulation films where, 
for a designated voltage, module failure probabilities for 
enumerated thickness and number of - layer film combinations 
are calculated. Cost analysis then selects the most eco 
nomical insulation system. A manufacturing yield problem 
is solved to exemplify the technique. Results for unaged 
Mylar suggest using fewer layers of thicker films. Defect 
design incorporates effects of flaws in optimal insulation 
system selection, and obviates choosing a tolerable failure 
rate, since the optimization process accomplishes that. 
Exposure to weathering and voltage stress reduces the 
voltage withstanding capabllit of module insulation films. 
Defect design, applied to aged polyester films, promises 
to yield reliable, cost optimal insulation systems. 


TITLE: Photovoltaic Module and Array Reliability 

AUTHOR: R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

{ A82- 44928 23-44) New York, 1981, 
p. 1157 1163 

ABSTRACT: Several statistical reliability studies have 

been conducted in areas of PV component design covering 
cell failure, interconnect fatigue, glass breakage and 
electrical insulation breakdown. This paper integrates 
the results from these various studies and draws general 
conclusions relative to optimal reliability features for 
future modules. The described analysis is based on design- 
ing for specified low levels of component failures and 
then controlling the degrading effects of the failures 
through the use of fault tolerant circuitry and module 
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replacement. Heana of selecting the coal optimal level of an Important el feet. Greater than 141 AMI efficiencies in 

component failures, circuit redundancy, and module large area (approximately 50 sq cm) ribbon solar cells 

replacement are described. have been achieved. 


TITLE: A Comprehensive Analysis of the Performance 

Characteristics of the Mount Laguna Solar 
Photovoltaic Installation 
AUTHOR: A. Shumka and S.G. Sollock 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

<A82 44928 23 44) New York, 1981, 
p. 1237 1244 

ABSTRACT: This paper represents the first comprehensive 

survey of the Mount Laguna Photovoltaic Installation. The 
novel techniques used for performing the field tests have 
been effective in locating and characterizing defective 
modules. A comparative analysis on the two types of 
modules used in the array indicates that they have 
significantly different failure rates, different distri- 
butions in degr adat ional space and very different failure 
modes. A life cycle model is presented to explain a 
multimodal distribution observed for one module type. A 
statistical model is constructed and It is shown to be in 
good agreement with the field data. 


TITLE: Laser Processing of Silicon Solar Cells 

AUTHOR: J.S. Katzeff, M. Lopez, and D.R. Burger 

CORPORATE AUTH: Lockheed Missiles and Space Co., 

Sunnyvale, California; Jet Propulsion 
Laboratory 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, p. 
437- 441 

ABSTRACT: Results of a study to utilize an Nd:glass laser 

for production line annealing of ion implantation induced 
damage in solar cells are reported Cz grown and sawn Si 
wafers 7.6 cm in diam, 0.35 mm thick, were implanted with 
phosphorus junctions and boron BSFs . Annealing with 
electron beam, laser, and firing of an Al paste to form 
the BSFs in different cells was compared. The laser was 
employed at 1.06 and 0.53 micron and in combination of 
both, with a 20 50 nsec pulsewldth, and energy densities 
of 1.2, 1.5, 1.9, and 2.1 J/sq cm. Best optical coupling 
was observed with the combined wavelengths and a 20 nsec 
pulse, using energy densities less than 1.5 J/sq cm. 
Although the Al sintered cells displayed the best 
characteristics, laser annealing is concluded to offer 
electrically active, defect-free, shallow junction Si 
substrates for high efficiency cells. 


TITLE: Ribbon Growth-Cell Processing Synergistic 

Effects for Solar Cells 

AUTHOR: K.V. Ravi, R.C. Gons iorawski , A . R . Chaudhuri, and 

C.V. Rao 

CORPORATE AUTH: Mobil Tyco Solar Energy Corp., Waltham, 

Massachusetts 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, 
p. 928 933 

ABSTRACT: The influence of ribbon growth conditions and 

solar cell processing variables on the conversion effic- 
iency of EFG Si ribbon solar cells have been examined. 

The key variable in crystal growth is the type of crucible 
employed for containing the molten Si. It is observed 
that the use of quartz crucibles results in the highest 
solar cell efficiencies, whereas graphite crucibles result 
in reduced efficiencies. Processing conditions such as 
the diffusion temperature and diffusion source also have 


TITLE: A Realistic Comparison of Minimum Photovoltaic 

Module Cost Projections 
AUTHOR: M.G. Coleman and L. A . Grenon 

CORPORATE AUTH: Motorola, Inc., Semiconductor Group, 

Phoenix, Arizona 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23-44) New York, 1981, 
p. 713-717 

ABSTRACT: Some long term cost projections for thin film 

PV devices indicate a major advantage for theae technolo- 
gies over crystalline Si PV, ultimately replacing silicon 
as the predominant material. This paper addresses the 
assumptions made for the thin film cost projections and 
compares them with the analogous assumptions for Si. 
Analysis of cell manufacturing, encapsulation, and balance 
of systems costs are performed to show that it is unlikely 
that the thin film materials, even if free, will ever 
realize a cost advantage in PV systems over Si. 


TITLE: A Users Evaluation of SAMIS 

AUTHOR: LA Grenon and M.G. Coleman 

CORPORATE AUTH: Motorola, Inc., Phoenix, Arizona 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, 
p. 985 989 

ABSTRACT: The SAMIS computer program was developed by JPL 

to provide a method whereby manufacturers or potential 
manufacturers of PV could simulate a solar industry using 
their own particular approach. This paper analyzes the 
usefulness of SAMIS to a growing PV Industry and clearly 
illustrates its limitations as viewed by an Industrial 
user . 


TITLE: Reliability of Silicon Solar Cells with a Plated 

Nickel Copper Metallization System 
AUTHOR: LA. Grenon, N.C. Sakiotls, and M.G. Coleman 

CORPORATE AUTH: Motorola, Inc., Semiconductor Group, 

Phoenix, Arizona 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

U82 44928 23 44) New York, 1981, 
p. 522 526 

ABSTRACT: In order to achieve the goal of low cost PV , 

low cost processes that contribute to a long solar cell 
service life must be established. In this paper, the 
interactions between the Si and the nickel contact are 
examined with respect to long term reliability. The 
effects of heat treatment of the contacts on diode per 
formance are empirically examined by studying changes in 
electrical parameters of cells as a function of time and 
temperature. The results show that, utilizing the approp- 
riate plating technique and establishing the appropriate 
assembly technique, a low cost, highly reliable nickel- 
copper metallization system can be used on Si solar cells. 


TITLE: Recent Advances in Silicon Sheet Growth by the 

Ribbon- to-Ribbon Process 

AUTHOR: K.R. Sarma, R.W. Curlier, R.N. Legge, R.J. Ellis, 

and 1 . A . Lesk 

CORPORATE AUTH: Motorola, Inc., Semiconductor Group, 

Phoenix, Arizona 

MEETING LOCATION; 15th IEEE Photovoltaic Specialists 
Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 
(A82-44928 23-44) New York, 1981, 
p. 941-948 
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AH S 1 H A*.: L : S l g n It \ c an t advances are reporLed In H1K 

technology using scanned CO 2 laser beams for producing 
thin sheets of Si for low cost solar cells. Through 
control of the growth ambient and melt-solid interface 
shape, ribbons with high purity and very large grain size 
were obtained. Also, temperature profiles were developed 
for producing ribbons with no buckling and with low 
residual stresses. These improvements have led to pro 
duction of 1 cm x 2 cm solar cells with AMI conversion 
efficiencies approaching 131, with the average being 
around 11.51. Electron beams are also being investigated 
as a possible heat source in the RTR process. 


TITLE: Determination of the Bulk Resistivity of 

Polycrystalline Silicon Wafers Using a Contactless 
Microwave Reflection Technique 
AUTHOR: J.S. Culik 

CORPORATE AUTH: Solarex Corp . , Rockville, Maryland 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

<A82 44928 23 44) New York, 1981, p. 

1170 11?3 

ABSTRACT: This paper describes a new technique which 

provides an accurate measurement of the bulk resistivity 
of polycrystalline Si wafers. The impedance of a thick 
semiconductor wafer terminating a waveguide is modulated 
by the generation of free carriers due to an intense laser 
pulse. The degree of microwave reflectance modulation is 
related to the bulk resistivity and the thickness of the 
sample. Hence, a measurement of the reflectance module 
tion and the thickness of an unknown semiconductor wafer 
can be used to determine its bulk resistivity. Since this 
technique is relatively insensitive to grain boundaries it 
is useful in measuring the bulk resistivity of polycrystal- 
line Si wafers. Also, as it does not require contacts, 
very little sample preparation is necessary. 


TITLE: The Solarex Block IV module Solar Array Design 

Features 

AUTHOR: J.F. Hoelscher 

CORPORATE AUTH: Solarex Corp., Rockville, Maryland 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

<A82 44928 23 44) New York, 1981, p. 

745 749 

ABSTRACT: Several innovative concepts were introduced for 

the block IV contract. Semicrystalline Si manufactured by 
SEM1X Inc. is the basic cell material. A front metalliza- 
tion pattern combined with a wraparound-style interconnect 
and in-plane stress relief combine to provide a new method 
to reliably accomplish series-paralleling. Laminated mod- 
ules using EVA as the encapsulant were manufactured for 
the first time. 


TITLE: The Fabrication of a 17% AMI Efficient 

Semicrystalline Silicon Solar Cell 
AUTHOR: G.M. Storti 

CORPORATE AUTH: Solarex Corp., Rockville, Maryland 

MEETING LOCATION: 15th 1EES Photovoltaic Speclaliata 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

<A82 44928 23-44) New York, 1981, 
p. 442 445 

ABSTRACT: The results of investigations of the maximum 

efficiencies available from cast, polycrystalline Si solar 
cells made from the SEM1X process are reported. High 
efficiency cells were found to depend on choices of cells 
with bulk resistivity between 1.5-1. 7 ohm- cm and a disloca- 
tion density of less than 10,000/sq cm. Maximized cells 
were fabricated by using slices less than 150 microns 
thick. The surfaces were texture etched to reduce reflec- 
tance and an A1 back surface reflector was evaporated onto 


the slice suit ace . I’hotol l thugi aphlca I iy applied contacts 
preceded cutting into 2 cm x 2 cm pieces and subsequent 
evaporation of Ta 02 and MgF 2 layers onto the surface. 
Testing was undertaken in sunlight and in a xenon Simula 
tor. A highest cell efficiency of 17% was observed, with 
a current density of 36 mW/sq cm. Semicrystalline Si cells 
are concluded to offer efficiencies equivalent to those of 
single crystal Si. 


TITLE: An Analytical Approach to Photovoltaic 

Encapsulation System Design 

AUTHOR : A. Garcia, III, C.P. Minning, and E.F. Cuddihy 

CORPORATE AUTH: SpecLrolab, Inc., Sylmar, California; 

Hughes Aircraft Co., Culver City, 
California; Jet Propulsion Laboratory 
MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Forida, May 
12-15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, 
p. 460 465 

ABSTRACT: This paper describes a set of analytical methods 

which have been developed to enable quantitative analysis 
of encapsulation system designs for terrestrial PV modules. 
Design factors determined most important include: encap 
sulant thickness and modules, emissivity of module surface, 
ribs on substrate modulus, and AR. 


TITLE: Contract Resistivities Between Solar Cell-Type Si 

and Transition Metal Nitrides 
AUTHOR: M. Maenpaa, I. Suni, M.A. Nicolet, F. Ho, and 

P. lies 

CORPORATE AUTH: Technical Research Centre of Finland, 

Esbo, Finland; California Institute of 
Technology, Pasadena, California; Applied 
Solar Energy Corp., City of Industry, 

Cal l f orn i a 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, 
p. 518 S21 

ABSTRACT: Contact resistivities of TiN, Ti-TiN, HfN, 

Hf-HfN, TaN and Ta-TaN metallizations on solar cell type 
n*Si with a shallow p n junction have been investigated. 
Metal and nitride layers were sput ter- depos i ted . Linear 
contact patterns were used for the measurements. The 
transmission line model was applied to determine the con 
tact resistivities. Contact resistivity values of less 
than about 0.0001 ohm cm squared have been achieved with 
all structures. Electrically the structures are stable up 
to heat treatments of 700 C. The interfacial layers be- 
tween the substrate and the deposited material have been 
found to play an important role in the behavior of tha 
contact. The studied metallizations have been estimated 
to be electrically acceptable for cells with 100 times 
solar concentrations. 


TITLE: Silane Pyrolysis in a Free Space Reactor 

AUTHOR: J.K. Lay and S.K. Iya 

CORPORATE AUTH: Union Carbide Corp., Tonawanda, New York 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82- 44928 23 44) New York, 1981, p. 
565-568 

ABSTRACT: The Union Carbide process for producing Si for 

PV applications proceeds via high purity silane as an 
intermediate. Decomposition of silane is accomplished in 
a freespace reactor which utilizes recirculating product 
hydrogen and Si to transfer energy from a heated wall to 
an entering silane jet. Reaction occurs away from the 
wall, minimizing problems with wall deposition and con- 
tamination. A series of long duration and throughput 
tests has proven the feasibility of this concept. High 
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purity powder can be pruduced at Lluws up to A . 5 kg/hr 1 10 
lb/ hr) in a 0.2 m (8 in.) dia reactor with better than 
99.99% conversion efficiency. 


TITLE: Significance of Low Temperature Processing in the 

Fabrication of Silicon Solar Cells 
AUTHOR: J.G. Foss urn and D S. Lee 

CORPORATE AUTHOR: University of Florida, Gainesville, 

Florida 

HALTING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, Hay 
12 15, 1981, Conference Record. 

( A82 44928 23 44) New York, 1981, 
p. 120 125 

AbSTRACT: A theoretical model that describes the depend 

ence of carrier lifeLime on doping density, which is based 
on the equilibrium solubility of a particular defect in 
non degenerately doped Si, is developed. Comparisons of 
the model predictions with the longest measured hole and 
electron lifetimes ever reported for n type and p type Si 
support the model and imply a possible fundamental defect 
in Si. The defect is acceptor type and is more soluble in 
n type than in p type Si, which suggests a longer funda 
mental limit for electron lifetime than for hole lifetime 
at a given doping density. The prevalent, minimum density 
of the defect, which defines these limits, occurs at the 
processing temperature below which the defect is virtually 
immobile in the Si lattice. The analysis reveals that this 
temperature is 300 400 C, and thus emphasizes the signifi- 
cance of low temperature processing, e.g., annealing, in 
Si solar cell fabrication. 


TITLE: Polycrystal X ray Topography and the Photoresponse 

of Grains or Grain Boundaries in Polysilicon 
AUTHOR: R.G. Rosemeier, R.W. Armstrong, S.M. Johnson, 

G.W. Storti, and C.C. Wu 

CORPORATE AUTH: University or Maryland, College Park, 

Maryland); Solarex Corp., Rockville, 
Maryland); US. Navy, Naval Research 
Laboratory, Washington, DC 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, Hay 
12-15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, 
p. 1331 1336 

ABSTRACT: X ray topographs and optical photoresponse 

measurements have been matched on a point by point basis 
across the surface of polysilicon solar cells to show the 
dependence of the PV properties on grain perfection and on 
the particular boundary structure between adjacent grains. 
Dislocations, subgrain boundaries, twins and inclusions 
are revealed within the relatively perfect microstructures 
of cells by the asymmetric crystal topography method in 
surface reflection and by the Lang transmission topography 
method. The decreased photoresponse at particular grain 
boundaries is attributed to the smaller crystal dislocation 
portion of the larger total change in orientation across 
the grains. 


TITLE: Characteristics and Performance of Silicon Solar 

Cells Between Low and High Level Injection 
AUTHOR: M.A. Wolf and M. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, Hay 
12-15, 1981, Conference Record. 

( A82- 44928 23-44) New York, 1981, 
p. 387-393 

ABSTRACT: The operation of Si solar cells utilizing high- 

low junctions has been studied for injection levels between 
the validity ranges of normal low-level and high-level 
injection approximations. The effects of primary influence 
on the I-V characteristic and their dependence on cell 


design weie Investigated ill detail. These eltects are: 
ohmic voltage drops, voltages resulting from non-equilib- 
rium carrier distribution fields, and voltages generated 
across the high low junction, and current variations due 
to minority carrier lifetime changes. Several quantita- 
tive evaluations of ceil structures are compared to illus 
trate the combined effects of different illumination 
intensities and cell structures. 


TITLE: Metallization for Large Area Solar Cells 

AUTHOR: M. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvani a 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12 15, 1981, Conference Record. 

(A82 44928 23 44) New York, 1981, 
p. 506-511 


ABSTRACT: In large area, low cost solar cells of any 

type, the contact and grid structure metallization is an 
important factor which has an effect on the efficiency of 
the solar cell and its reliability. The present investiga 
tion is concerned wiLh aspects of solar cell efficiency. 

An optimized metallization design leads to minimum total 
power loss, which is related to a simultaneous minimiza 
tion of ohmic voltage drops and of shading of the front 
surface of the cell by the overlaid metal. The require 
ments regarding the design for a low-loss metallization 
pattern for the front surface of large area solar cells 
are represented by a set of design rules listed in a 
table. Tti e total shading and voltage drop on such cells 
can be held to about 5%. However, not every metallization 
process is suited for meeting the requirements of the low 
cost design. The low losses can be achieved only by use 
of several bus lines containing a bulk conductor, such as 
a wire. 


TITLE: thermal Stability of Impurities in Silicon Solar 

Ce 11s 

AUTHOR: M,H. Hanes, R.H. Hopkins, A. Kohatgi, 

P. Kai Choudhury, R.B. Campbell, and 

H.C. Mollenkopf 

CORPORATE AUTH: Westinghouse Electric Corp., Pittsburgh, 

Pennsylvania; Hemlock Semiconductor 
Corp., Hemlock, Michigan 

MEETING LOCATION: 15th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
12-15, 1981, Conference Record. 

(A82 -44928 23-44) New York, 1981, 
p. 520-533 

ABSTRACT: Elevated temperatures were employed as an age 

accelerating mechanism to test the effects of typical 
impurities on long term performance of Si solar cells 
Cz grown p type wafers were junction diffused with POC13 
at 850 C and aged at temperatures from 400 800 C from 10 
min to 200 hr. The wafers contained Fe , Cu , Ti , Md , Nv, 

Ni, and Ag contaminants. The degradation mechanism was 
assumed to be linear in the Initial stages and was modeled 
numerically, including prediction of a time to failure, 
defined as an efficiency of 90% the original figure. Deep 
level transient spectroscopy was used to measure carrier 
trapping centers and dark and light current-voltage 
measurements to assay junction degradation and shunt and 
series resistance effects. Metallic impurities were deter- 
mined to have negligible impact on cell degradation at 
expected long term solar cell operating temperatures. 
However, studies of the more complex effects of Fe and Cu 
are recommended . 


TITLE: Thermal Stability of Titanium Nitride for Shallow 

Junction Solar Cell Contacts 
AUTHOR: N.V. Cheung, H. von Seefeld, M.-A. Nicolet, 

F. Ho, and P. lies 

CORPORATE AUTH: California Institute of Technology, 

Pasadena, California; Applied Solar 
Energy Corp., City of Industry, California 
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PUBLIC A I ION : Journal of Applied Physics, vol. 52, June 

1981, p. 4297-4299 

ABSTRACT: To demonstrate the thermal stability of titanium 

nitride as a hi gh- temperature diffusion barrier, the TiN- 
Ti Ag metallization scheme has been tested on shallow- junc- 
tion (2000 A) Si solar cells. Electrical measurements on 
reference samples with the Ti-Ag metallization scheme show 
serious degradation after a 600 C, 10 min. annealing. With 
the TiN Ti-Ag scheme, no degradation of cell performance 
is observed after the same heat treatment if the TiN layer 
is equal to or greater than 1700 A. The glass encapsula 
tlon of cella by electrostatic bonding requires such a 
heat treatment . 


TITLE: Progress in the Development of Standard Procedures 

for the Global Method of Calibration of 
Photovoltaic Reference Cells 
AUTHOR: R. Whitaker, A.W. Purnell, and G.A. Zerlaut 

CORPORATE AUTH: DSET Laboratories, Inc., Phoenix, Arizona 

PUBLICATION: (U.S. Department of Energy, Commercial 

Photovol ta 1 cs Measurements Workshop, Vail, 
Colorado, July 27 29, 1981,) Solar Cells, 
vol. 7, Nov. 1982, p. 135-146 

ABSTRACT: None. 


TITLE: The Calibration of Pyrheliometera and Pyranometers 

for Testing Photovoltaic Devices 
AUTHOR: G.A. Zerlaut 

CORPORATE AUTH: DSET Laboratories, Inc., Phoenix, Arizona 

PUBLICATION: (U.S. Department of Energy, Commercial 

Photovoltaic s Measurements Workshop, Vail, 
Colorado, July 27-29, 1981.) Solar Cells, 
vol. 7, Nov. 1982, p. 119-129 

ABSTRACT: None. 


TITLE: Sped rorad Lometer Measurements in Support of 

Photovoltaic Device Testing 
AUTHOR: G.A. Zerlaut and J.D. Maybee 

CORPORATE AUTH: DSET Laboratories, Inc., Phoenix, Arizona 

PUBLICATION: (U.S. Department of Energy, Commercial 

Photovol t a i c s Measurements Workshop, Vail, 
Colorado, July 27-29, 1981.) Solar Cells, 
vol. 7, Nov. 1982, p. 97-106 

ABSTRACT: The s pec t rorad i ometer is capable of complete 

solar spectral measurements approximately 7 min apart in 
both the global and the direct beam modes, all in the 
wavelength range 280 2500 nm. Global measurements can be 
made at any azimuth and altitude position; the field of 
view of the pyrheliometer comparison tube is 6 deg. 

Typical spectra show that the resolution is sufficient to 
identify Fraunhofer absorption bands in the surface of the 
sun. Data are presented that show the relationship 
between direct beam spectra and two specific microenviron- 
ments. The differences observed are analyzed in terms of 
the significance of microenvironment haze and pollution to 
the efficiency of concentrating PV devices. 


TITLE: Silicon Photovoltaic Cells 

AUTHOR: R.N. Hall 

CORPORATE AUTH: General Electric Co., Schenectady, New 

York 

PUBLICATION: Solid-State Electronics, vol. 24, July 1981, 

p. 595 616 

ABSTRACT: The principles governing the performance of Si 

solar cells are reviewed with emphasis on clarifying the 
essenLial concepts. Principal attention is devoted to the 
planar p n junction cell and recent developments that have 
contributed to increased efficiency. Other solar cell 
structures are also reviewed and their relative advantages 
and shortcomings are discussed. Important areas where our 
present understanding is inadequate are pointed out and 
some common misconceptions are corrected. 


11 ILK: Experience will) Specifications Applicable lo 

Certification of Photovoltaic Modules for 
Large Scale Application 
AUTHOR: R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: (U.S. Department of Energy, Commercial 

Photovoltaics Measurements Workshop, Vail, 
Colorado, July 27 29, 1981.) Solar Cells, 
vol. 7, Nov. 1982, p. 197-201 

ABSTRACT; JPL has developed a number of PV test and 
measurement specifications to guide the development of 
modules toward the requirements of future large scale 
applications. Experience with these specifications and 
the extensive module measurement and testing that has 
accompanied their use is examined. Conclusions are drawn 
relative to three aspects of product certification: 
performance measurement, endurance testing and safety 
evaluat ion . 


TITLE: Module and Solar Cell Values as a Function of 

Ef f i c i ency 
AUTHOR: M. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania 

PUBLICATION: Solar Cells, vol. 3, July 1981, p. 327-336 

ABSTRACT: The determination of solar cell value as a func- 

tion of efficiency provides a valuable tool for the selec- 
tion of modules for a given system or for the assessment 
of the cost effectiveness of solar cell and module fabrica 
tion processes. This value efficiency relationship is dom 
inated by the urea related balance of-system costs (ARBOS). 
Their future magnitude, however, is rather uncertain. An 
assumption of this magnitude will radically influence the 
direction of PV module research and development to be 
undertaken. To illustrate the effect of array instaila 
tion costs, a graph presents four curves of module value 
as a function of efficiency with ARBOS costs as parameter. 


TITLE: Glass as Encapsulation for Low Cost Photovoltaic 

Solar Arrays 
AUTHOR: F.L. Bouquet 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: ASME Transactions, Journal of Solar Energy 

Engineering, vol. 103, Aug. 1981, p. 221-232 

ABSTRACT: In PV systems, the encapsulant material that 

protects the solar cells should be highly transparent and 
very durable. Glass satisfies these two criteria and Is 
considered a primary candidate for low cost, PV encapsula 
tion systems. In this paper, various aspects of glass 
encapsulation are treated that are important for the 
designer of PV systems. Candidate glasses and available 
information defining the state of the art of glass encap- 
sulation materials and processes for automated, high 
volume production of terrestrial PV devices and related 
applications are presented. The desired characteristics 
of glass encapsulation are (1) low degradation rates, 

(2) high transmittance, (3) high reliability, (4) low cost, 
and (5) high annual production capacity. The glass design 
areas treated herein include the types of glass, sources, 
prices, physical properties and glass modifications, such 
as ant i ref lec tion coatings. 


TITLE: Development of Low-Thermal Expansion Hullite Bodies 

AUTHOR: M.H. Leipold and J.D. Sibold 

CORPORATE AUTH: Jet Propulsion Laboratory; Coors 

Porcelain Co., Golden, Colorado 
PUBLICATION: American Ceramic Society, Journal, vol. 

65, Sept. 1981, p. C-147 to C-149 

ABSTRACT: A series of ceramic compositions based on varia- 

tions in the crystal-glass ratio of a mulllte body were 
developed. The thermal expansion of these compositions 
varies from 3.7 to 5.0 x 10 ^°C to 800 C. The mater- 
ials are particularly useful for application Involving Si, 
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lu that an Identical thermal expansion Is available Ilia 
high temperature creep data for the lower-expana ion com- 
positions are inferior as a result of their higher glass 
contents. Raw material sources and fabrication procedures 
for specific compositions are given. 

TITLE: Analysis of the Photovoltage Decay (PVD) Method 

for Measuring Minority Carrier Lifetimes in P-N 
Junction Solar Cells 
AUTHOR: O. Von Roos 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Applied Physics, vol. 52, Sept. 

1981 , p. 5833 5837 

ABSTRACT: The PVD method for the measurement of minority 

carrier lifetimes in pn junction solar cells with cell 
thickness comparable to or even less than the minority 
carrier diffusion length is examined. The method involves 
the generation of free carriers in the quasi neutral bulk, 
material by flashes of light and the monitoring of the 
subsequent decay of the induced open circuit voltages as 
the carriers recombine, which is dependent on minority 
carrier recombination lifetime. It is shown that the 
voltage versus time curve for an ordinary solar cell 
(n + p Junction) is proportional to the inverse minority 
carrier lifetime plus a factor expressing the ratio of 
diffusion length to cell thickness. In the case of an 
ideal back- surf ace f ield cell (n + p p 4 junction) 
however, the slope is directly proportional to the inverse 
minority carrier lifetime. It is noted that since moat 
BSP cells are not ideal, possessing a sizable back surface 
recombination velocity, the PVD measurements must be 
treated with caution and supplemented with other 
nonstationary methods. 


TITLE: Thickness Dependences of Solar Cell Performance 

AUTHOR: C.T. Sah 

CORPORATE AUTH: University of Illinois, Urbana, Illinois 

PUBLICATION: Solid State Electronics, vol. 25, Sept. 

1981 , p 960 962 

ABSTRACT: The significance of including factors such as 

the base resistivity loss for solar cells thicker than 100 
microns and emitter and BSP layer recombination for thin 
cells in predicting the fill factor and efficiency of 
solar cells is demonstrated analytically. A model for a 
solar cell is devised with the inclusion of the dopant 
impurity concentration profile, variation of the electron 
and hole mobility with dopant concentration, the concentra- 
tion and thermal capture and emission rates of the recombi- 
nation center, device temperature, the AMI spectra and the 
Si absorption coefficient. Device equations were solved 
by means of the transmission line technique. The analyti- 
cal results were compared with those of low- level theory 
for cell performance. Significant differences In predic- 
tions of the fill factor resulted, and inaccuracies in the 
low level approximations are discussed. 

TITLE: 11% Efficient Single Crystal Solar Cells and 10% 

Efficient Polycrys tall i ne Cells Made from Refined 
Metallurgical Silicon 

AUTHOR: J.I. Hanoka, H.B. Strock, and PS. Kotval 

CORPORATE AUTH: Union Carbide Technical Center, 

Tarry town, New York 

PUBLICATION: Journal of Applied Physics, vol. 52, Sept. 

1981, p. 5829 5832 

ABSTRACT: The performance of single crystal and polycrys- 

talline solar cells fabricated from a refined form of low 
cost metallurgical Si are presented. Cz-pulled single 
crystal and cast polycrystalline Si solar cells with an n 
on p structure were made from metallurgical Si processed 
by A1 dissolution followed by Al removal through slagging 
and directional solidification to obtain material purities 
in the fractional ppm by weight range. For the single 
crystal cells, measurements reveal AMI efficiencies up to 
11.1%, open circuit voltages up to 596 mV and fill factors 


up to Bit llie cast po lycry ala 1 1 Ine substrates have 
yielded cells with efficiencies up to 10.1%, fill factors 
of 79% and open circuit voltages of 585 mV. The low short 
circuit current densities are attributed to impurities in 
the base region in the single crystal cell, and to grain 
boundary segregation of impurities and grain boundary 
recombination in the polycrystalline cells. 

TITLE: Annealing and Anomalous High Energy Electron 

Irradiation Effects in Low Cost Silicon n 4 p 
solar cells 

AUTHOR: C.F Uarlick and AH. Kachare 

CORPORATE AUTH Jet Propulsion Laboratory 
PUBLICATION: Applied Physics Letters, vol. 39, Sept. 15, 

1981 , p. 501 503 

ABSTRACT: Si solar cells of n + p type were subjected to 

1 MeV electron irradiation (up to 10^ electron9/sq cm) 
and then annealed at 450 C for 20 min or annealed with no 
elecron irradiation Electron irradiation resulted in a 
degradation of longer wavelength cell response, but pro- 
duced a marked enhancement of response at shorter wave 
lengths with a peak change of 40% at 0.44 microns. Sub 
sequent thermal anneal at 450 C reduced the long wavelength 
degradation, but enhancement at shorter wavelengths per 
sisted. Excitation at the shorter wavelengths was in the 
n* diffused layer and in the junction region of the 
cell Anneal of unirradiated cells produced shorter wave 
length unha icement with a similar peaking at 0.44 microns, 
but with a relative change of only 20%. More enhancement 
was produced in the longer wavelength region (up to 0.8 
microns). These effects in the different cull regions are 
explained by a decrease in the interstitial oxygen 
impurity complexes (deep recombination levels) and the 
formation of substantial oxygen Si vacancy centers 
(donors ) . 


TITLE: p 4 n n* Solar Cells with Hole Diffusion 

Lengths Comparable With the Base Width A Simple 
Analytic Model 

AUTHOR: C.S Kousik and J.G. Fossum 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida 

PUBLICATION: Solar Cells, vol. 5, Dec. 1981, p 75-/9 

ABSTRACT: A simple analytic description of the hole 

current injected into the n n + base of a p 4 -n-n + 
solar cell under forward bias in the dark is derived for 
the intermediate case in which the hole diffusion length 
is comparable with the base width. The derivation is made 
possible by recognizing a common relationship between the 
effective surface recombination velocity at the n n + 
junction and the diffusion velocity in the base. 


TITLE: Polymers in Solar Energy Utilization 

AUTHOR: R.H. Liang, D.R. Coulter, C. Dao , and A. Gupta 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Polymers in Solar Energy Utilization, 

Proceedings of the Symposium, Las 
Vegas, Nevada, March 28 April 2, 1982. 
Washington, DC, American Chemical 
Society (ACS Symposium Series, No. 

220), 1983, p. 265 273 

ABSTRACT: A laser photoacoustic technique (LPAT) has been 

verified for performing accelerated life testing of outdoor 
photoox i dal ion of polymeric materials used in solar energy 
applications. Samples of the material under test are 
placed in a chamber with a sensitive microphone, then 
exposed to chopped laser radiation. The sample absorbs 
the light and converts it to heat by a nonradlative deexci- 
tation process, thereby reducing pressure fluctuations 
within the cell. The acoustic signal detected by the 
microphone is directly proportional to the amount of light 
absorbed by the specimen. Tests were performed with 
samples of ethy 1 ene/methylacry late copolymer ( EHA) repre- 
cipitated from hot cyclohexane, compressed, and molded 


172 


I 



ORIGINAL PAGE IS 
OF POOR QUALITY 


lulu thin jU microns) 1 1 I m u Thu Hints were exposed 

outdoors and sampled by LPAT weekly. The linearity of the 
light absorbed with respect to the acoustic signal was 
verified. Correlations were established between the 
photoacoustic behavior of the materials aged outdoors and 
the same kind6 of samples cooled and heated in a controlled 
environment reactor. The reactor tests were validated for 
predicting outdoor exosures up to 55 days. 


TITLE: Reduction of Solar Cell Efficiency by Bulk Defects 

Across the Back Surface Field Junction 
AUTHOR: C.T. Sah, KA Yamakawa, and R. Lutwack 

CORPORATE AUTH: C.T. Sah Associates; Jet Propulsion 

Laboratory 

PUBLICATION: Journal of Applied Physics, vol. 53, Apr. 

1982, p. 3278-3290 

ABSTRACT: The degradation of solar cell performance due 

to bulk defects distributed across the back surface field 
junction is analyzed in terms of a three region developed - 
perimeter model. Families of curves are computed and 
their physical significance is discussed in detail with 
reference to three parameters used to characterize the 
defects: defect area, defect density, and defect surface 
recombination velocity. A reduction In the open-circuit 
voltage due to the presence of a defect is expressed as a 
function of the defect area, density, cell thickness, and 
defect surface recombination velocity. Numerical examples 
are presented to illustrate the importance of the partic- 
ular defect parameters. 


TITLE: Fracture of Directionally Solidified 

Mult i c ry stal 1 i ne Silicon 

AUTHOR: C.P. Chen, M.H. Leipold, and D. Helinreich 

CORPORATE AUTH: Jet Propulsion Laboratory; Hellotronic 

GmbH., Burghausen (West Germany). 
PUBLICATION: American Ceramic Society, Journal, vol. 65, 

Apr. 1982, p. C-49. Research supported by 
the U.S, Department of Energy; Bundesminis 
terium fuer Forschung und Tuchnulogie 

ABSTRACT: Fracture toughness daLa is given for multi 

crystalline Si which has been prepared by directional 
solidification. Results indicated a plane strain fracture 
toughness of 0.8 to 0.87 HN/m to the 3/2 power, which Is 
consistent with data for single crystal Si. 


TITLE: An Effect of Back-Surface Boron Implantation on 

Silicon Solar Cells 

AUTHOR: M.B. Spltzer, S.J. Solomon, and P.R. Younger 

CORPORATE AUTH: Spire Corp., Bedford, Massachusetts 

PUBLICATION: Journal of Applied Physics, vol. 53, May 

1982, p. 3926 

ABSTRACT: An experimental study has been carried out to 

investigate mechanisms responsible for the effect of open- 
circuit voltage enhancement in back-surface ion- implanted 
Si solar cells. It is shown that open-circuit voltage 
enhancement in boron- implanted cells is due to a back- 
surface field effect, whereas gettering, if present, does 
not affect cell performance. This result is consistent 
with the observation that, for equal fluence, the damage 
produced by boron implantation is less than that produced 
by heavier ions, and, consequently, boron- implant damage 
is less effective as a gettering treatment for the implant 
and anneal conditions reported. 


TITLE: Effect of Thickness on Silicon Solar Cell 

Ef f i c iency 

AUTHOR: C.T. Sah, K . A . Yamakawa, and R. Lutwack 

CORPORATE AUTH: University of Illinois, Urbans, Illinois; 

Jet Propulsion Laboratory 

PUBLICATION: IEEE Transactions on Electron Devices, vol. 

BD-29 , May 1982, p. 903-908 

ABSTRACT: A computer-aided-design study on the dependence 


ot the elHcluitcy peak ol a back suit ace Held sular cell 
on the concentrations of the recombination and dopant 
impurities is presented. The illuminated current voltage 
characteristics of more than 100 cell designs are obtained 
using the transmission line circuit model to numerically 
solve the Shockley equations. Using an AMI efficiency of 
17% as a target value, it is shown that the efficiency 
versus thickness dependence has a broad maximum which 
varies by less than lH over more than a three- to-one range 
of cell thicknesses from 30 to 100 microns. An optically 
reflecting back surface will give only a slight improve 
ment of AMI efficiency, about Q.1X, in this thickness 
range. Attention is given to the dependence of the 
efficiency on patchiness across the back surface field 
low high junction in thin cells. 


TITLE: Low Cost Solar Array Progress and Plans 

AUTHOR : W.T Callaghan 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Fourth International 

Conference, Stress, Italy, May 10 14 , 

1982 (A83 32176 14 44). Dordrecht, D. 

Reidel Publishing Co., 1982, p. 369 373 

ABSTRACT: it is pointed out that significant redirection 

lias occurred in the DOE Photovolta i cs Program, and thus in 
the FSA, since the 3rd European Communities Conference. 

The Si Materials Task has now the objective to sponsor 
theoretical and experimental research on Si material 
refinement technology suitable for PV flat-plate solar 
arrays. With respect to the hydrochlorination reaction, a 
process proof of concept was completed through definition 
of reaction kinetics, catalyst, and reaction character- 
istics. In connection with the dichlorosi lane chemical 
vapor desposition process, a preliminary design was 
completed of an experimental process system development 
unit with a capacity of 100 to 200 MT/yr of Si. Attention 
is also given to the Si-sheet formation research area, 
environmental isolation research, the cell arid module 
formation task, the engineering sciences area, and the 
module performance and failure analysis area. 


TITLE: Critical Technology Limits to Silicon Material and 

Sheet Production 
AUTHOR: M.H. Leipold 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Fourth International 
Conference, Stresa, Italy, Hay 10 14, 
1982 (A83 -32176 14-44). Dordrecht, D. 
Reidel Publishing Co., 1982, p. 985-989 

ABSTRACT: Earlier studies have indicated that expenditures 

related to the preparation of high purity Si and its con 
version to Si sheet represent from 40 to 52% of the cost 
of the entire panel. The present investigation is con- 
cerned with the elements which were selected for study in 
connection with the PSA Project. The first of two technol- 
ogies which are being developed within the FSA Project 
involves the conversion of metallurgical-grade Si through 
a silane purification process to Si particles. The second 
is concerned with the conversion of tr ichloros i lane to 
d ichloros i lane , and the subsequent production of Si using 
modified rod reactors of the Siemens type. With respect 
to Si sheet preparation, efforts have been focused both on 
the preparation of ingots, followed by wafering, and the 
direct cyrstall izat Ion of molten Si into a ribbon or film. 


TITLE: Recent Developments in Multi-Wire Fixed Abrasive 

Slicing Techniques for Low-Cost Silicon Wefer 
Production from Ingots 

AUTHOR: P. Schmid, C.P. Khattak, M.B. Smith, and 

L.D. Lynch 

CORPORATE AUTH: Crystal Systems, Inc., Salem, 

Mesaachuaetta 
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k'holovoll a Ic Sulm Euutgy L'unl erence ; 
Proceedings of the fourth International 
Conference, Stresa, Italy, May 10 14, 
1982 ( A8 3- 32176 14 44). Dordrecht, D. 
keidel Publishing Co., 1982, p. 980 984 

ABSTRACT: Slicing is an important processing step for all 

technologies based on the use of ingots. A comparison of 
the economics of three slicing techniques shows that the 
fixed abrasive slicing technique is superior to the 
internal diameter and the multiblade slurry techniques, 
factors affecting contact length are discussed, talcing 
into account kerf width, rocking angle, ingot site, and 
surface speed. Aspects of blade development are also 
considered. A high concentration of diamonds on wire has 
been obtained in wire packs used for FAST slicing. The 
material removal rate was found to be directly proportional 
to the pressure at the diamond tips 

TITLE: Reliability and Performance Experience with 

flat Plate Photovoltaic Modules 
AUTHOR: R.G. Robs, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the fourth International 
Conference, Stresa, Italy, May 10 14, 
1982 (A83- 32176 14 44). Dordrecht, D. 
Keidel Publishing Co., 1982, p. 169 178 

AbSTKACT: Statistical models developed to define the most 

likely sources of PV array failures and the optimum method 
of allowing for the defects in order to achieve a 20 yr 
lifetime with acceptable performance degradation are sum- 
marised. Significant parameters were the cost of energy, 
annual power output, initial cost, replacement cost, rate 
of module replacement, the discount rate, and the plant 
lifetime. Acceptable degradation allocations were calcu- 
lated to be 0.0001 cell fai lures/yr , 0.005 module fail- 
ures/yr, 0.05 power loss/yr, a 0 01 rate of power loss/yr, 
and a 25 yr module wear out length. Circuit redundancy 
techniques were determined to offset cell failures using 
fault tolerant designs such as series/parallel and bypass 
diode arrangements . Screening processes have been devised 
to eliminate cells that will crack in operation, and 
multiple electrical contacts at each cell compensate for 
the cells which escape the screening test and then crack 
when installed. The 20 yr array lifetime is expected to 
be achieved in the near-term. 


TITLE: Cost Estimates for flat Plate and Concentrator 

Collector Arrays 
AUTHOR: K. Shimada 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: (Japan Society of Applied Physics and 

Science Council of Japan, Photovoltaic 
Science and Engineering Conference in Japan, 
3rd, Kyoto, Japan, May 19 21, 1982) Japanese 
Journal of Applied Physics (ISSN 0021-4922), 
vol. 21, Supplement 21-2, 1982, p. 143 153 

ABSTRACT: The current module and installation costs for 

the U.S. National PV Program's grid-connected systems are 
significantly higher than required for economic viability 
of this alternative. Attention is accordingly given to 
the prospects for installed module cost reductions in flat 
plate, linear focus Fresnel concentrator, and point focus 
Fresnel concentrator candidate systems. Cost projections 
indicate that all three systems would meet near-term and 
midterm goals, provided that module costs of $2.80/Wp 
and $0.70/Wp, respectively, are met. The point focus 
Fresnel system emerges as the most viable for the near 
term. 

TITLE: Non-Mass Analysed Ion Implantation From a Solid 

Phosphorus Source 

AUTHOR: M . B - Spltzer and S.N. Bunker 

CORPORATE AUTH: Spire Corp , Bedford, Massachusetts 

PUBLICATION: Applied Physics Letters, vol. 40, June 1, 

1982, p. 976 978 


AIL’IRA* 1: A I'huuphoLus Ion beam, extracted 1 1 uiu a tie email 

ion source charged with elemental phosphorus, has been in 
vestigated for use in solar cell fabrication. Mass spec- 
troscopy of the beam indicates the absence of both minor 
ity carrier lifetime degrading impurities and hydrogen. 

The ion beam, without mass analysis, was used for ion 
implantation of solar cells, and performance for all cells 
was found to be equivalent to mass analyzed controls. 


TITLE: Heterogeneous Decomposition of Silane in a Fixed 

Bed Heac tor 

AUTHOR: S,K lya, R.N. Flagella, and F.S. Dipaolo 

CORPORATE AUTH: Union Carbide Corp., Tonawanda , New York 

PUBLICATION: Electrochemical Society, Journal, vol. 129, 

July 1982, p. 1531 1535 

ABSTRACT: Heterogeneous decomposition of silane in a 

tluidizcd bed offers an attractive route for the low cost 
production of Si tor PV application. To obtain design 
data for a fluid bed silane pyrolysis reactor, deposition 
i.' x pc- l i in eii L s were conducted in a small scale fixed bed 
apparatus. Data on the decomposition mode, plating rate, 
and deposition morphology were obtained in the temperature 
range 600 900 C. Conditions favorable for heterogeneous 
decomposition with good deposition morphology were 
identified. The kinetic rate data showed the reaction to 
be first order with an activation energy of 38.8 keal/mol, 
which agrees well with work done by others. The results 
are promising for the development of an economically 
attractive fluid bed process. 

TITLE: Accelerated Stress Testing of Terrestrial Solar 

Cells 

AUTHOR: J.W. Lathcop, D.C. Hawkins, J.L. Prince, and 

H . A . Walker 

CORPORATE AUTH: Clemson University, Clemson, South 

Carolina 

PUBLICATION: IEEE Transactions on Reliability, vol. R 31, 

Aug. 1982, p. 258 265 

ABSTRACT: The development of an accelerated test schedule 

for terrestrial solar cells is described. This schedule, 
based on anticipated failure modes deduced from a consi 
deration of IC failure mechanisms, involves bias tempera 
ture testing, humidity testing (including both 85 85 and 
pressure cooker stress), and thermal cycle thermal shock 
ies L i ng Results are described for 12 different unencap 
sulatod cell types. Both gradual electrical degradation 
and sudden catastrophic mechanical change were observed 
These effects can be used to discriminate between cell 
types and technologies relative to their reliability 
attributes. Consideration is given to identifying labora 
tury failure modes which alight lead to severe degradation 
in the field through second quadrant operation. Test 
results indicate that the ability of most cell types to 
withstand accelerated stress testing depends more on the 
manufacturer's design, processing, and worksmansh i p than 
on the particular metallization system. Preliminary tests 
comparing accelerated test results on encapsulated and 
unencapsulated cells are described. 


TITLE: Photovoltaic Module Reliability Improvement 

Through Application Testing and Failure Analysis 
AUTHOR: L.N. Dumas and A. Shunika 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: IEEE Transactions on Reliability, vol. R-31, 

Aug. 1982, p. 228-234 

ABSTKACT: During the first four years of the DOE National 

PV Program, the LSA Project purchased about 400 kW of PV 
modules for test and experiments. In order to identify, 
report, and analyze teat and operational problems with the 
Block Procurement modules, a problem/f ai lure reporting and 
analysis system was implemented by the LSA Project with 
the main purpose of providing manufacturers with feedback 
from test and field experience needed for the improvement 
of product performance and reliability. A description of 
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Die mure significant types of (allures Is presented, taking 
into account interconnects, cracked cells, dielectric 
breakdown, delami nat ion , and corrosion. Current design 
practices and reliability evaluations are also discussed. 
The conducted evaluation indicates that current module 
designs incorporate damage resistant and fault tolerant 
features which address field failure mechanisms observed 
to date. 


TITLE: A Technique for Determining Solar Irradiance 

Deficits - Photovoltaic Arrays Design 
AUTHOK: C.C. Gonzalez and R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: IEEE Transactions on Reliability, vol. R 31, 

Aug. 1982 , p. 285 288 

ABSTRACT: An analytic technique which determines the var- 

iation of solar irradiance from long term averages is pre 
settled. The technique involves computer assisted data 
reduction techniques, and was designed to improve system 
reliability by determining the amount of storage capability 
required to supplement a baseline system. Variations in 
time intervals of up to 60 days can be determined, and 10 
years of data collection are reviewed. The technique in- 
volves first calculating average monthly irradiance values, 
then examining the average irradiance deviation over time 
intervals. The calculation procedure is clarified by de 
termining solar energy level probabilities and the long 
term solar energy deviation (achieved by repeatedly inte 
grating actual irradiance figures). It is found that a 
15% increase in collector area and the addition of energy 
storage or backup are essential contributions to achieving 
cost ef feet i veness . In addition, one to seven no sun day 
storage capacities are required to accommodate weather 
caused def i c i ts . 


TITLE: Qualification Testing of Plat-Plate Photovoltaic 

Modules 

AUTHOK: A.R. Hoffman, J.S. Griffith, and R.G. Rosa, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: IEEE Transactions on Reliability, vol. R 31, 

Aug. 1982, p. 252 25/ 

ABSTRACT: The placement of PV modules in various applies 

Lions, in climates and locations throughout the world, 
results in different degrees and combinations of environ 
mental and electrical stress. Early detection of module 
reliability deficiencies via laboratory testing is neces 
sary for achieving long, satisfactory field service. This 
overview paper describes qualification testing techniques 
being used in the US Department of Energy’s flat plate ter- 
restrial PV development program in terms of their signifi 
cance, rationale for specified levels and durations, and 
test results . 


TITLE: Photovoltaic Array Reliability Optimization 

AUTHOK: R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: IEEE Transactions on Reliability, vol. R-31, 

Aug. 1982 , p. 246 251 

ABSTRACT: An overview of the PV array reliability problem 

is presented, and a high rel iabl li ty /minimum cost approach 
to this problem is presented. Design areas covered are 
cell failure, interconnect fatigue, and electrical insula- 
tion breakdown, and three solution strategies are discus- 
sed. The first involves controlling component failures in 
the solar cell (cell cracking, cell interconnects) and at 
the module level (must be statistically treated). Second, 
a fault tolerant circuit is designed which reduces array 
degradation, improves module yield lossos, and controls 
hot spot heating. Third, cost optimum module replacement 
strategies are also effective in reducing array degrade 
tlon. This can be achieved by minimizing the life cycle 
energy cost of the photovoltaic system. The integration 
of these solutions is aimed at reducing the 0.011 failure 
rate . 


11! I.h. : Investigating Reliability Attributes of Silicon 

Photovolta i c Cells - An Pvervlew 
AUTHOR: E.L. Royal 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: IEEE Transactions on Reliability, vol. R 31, 

Aug. 1982, p. 266 269 

ABS1RACT: Reliability attributes are being developed on a 

wide variety of advanced single crystal Si solar cells. 

Two separate investigations: cell contact integrity 
(metal to silicon adherence), and cracked cells identified 
with fracture strength reduc ing flaws are discussed. In 
the cell contact integrity investigation, analysis of 
contact pull strength data shows that cell types made with 
different metallization technologies, t.e., vacuum, plated, 
screen prinLed and soldered, have appreciably different 
reliability attributes. In the second investigation, frac- 
ture strength was measured using Cz wafers and cells taken 
at various stages of processing and differences were noted, 
traduce strength, which is believed to be governed by 
flaws introduced during wafer sawing, was observed to im 
prove (increase) after chemical polishing and other pro 
cess steps that tend to remove surface and edge flaws. 


TITLE: Analysis of Minority Carrier Transport in 

Polysilicon Devices 

AU1H0R: J.G. Fossum and R. Sundaresan 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida 

PUBLICATION: IEEE Transactions on Electron Devices, vol. 

ED 29, Aug. 1982, p. 1185 1 L97 

ABSTRACT: An approximate analytic model is presented for 

the minority electron current injecLed into the base of a 
representative grain of a forward biased n + p junction. 
Simplifying assumptions which enable the separation of the 
grain boundary recombination analysis from the intragrain 
transport analysis are discussed along with the model 
limitations they imply. In particular, it is shown that 
limitations associated with the assumption of quasi equi- 
librium are effectively removed by recognizing that when 
conditions obtain that negate quasi equilibrium, the min 
ority electrons flow to the grai n- boundary surface with 
velocities about equal to the ki net ic- 1 imi t velocity. The 
proposed model provides a better understanding of minority- 
carrier transport in polysilicon and should be useful in 
engineering design of optimal polysilicon bipolar devices, 
including solar cells. 


TITLE: Reduction of Solar Cell Efficiency by Edge Defects 

Across the Back-Surface Field Junction - A 
Developed Perimeter Model 
AUTHOR: C.l. Sah, K . A . Yamakawa, and R. Lu twa c k 

CORPORATE AUTH: C.T. Sah Associates, Urbana , Illinois; 

Jet Propulsion Laboratory 

PUBLICATION: Solid State Electronics, vol. 25, Sept. 

1982, p. 851 858 

ABSTRACT: Material imperfections, impurity clusters and 

fabrication defects across the back surface field junction 
can degrade the performance of high efficiency solar cella. 
The degradation from defects appearing on the circumference 
of a solar cell is analyzed using a two region developed 
perimeter device model. The width of the defective perim 
etec region is characterized by the range or the distance - 
of influence of the defective edge and this width is about 
two diffusion lengths. The defective edge is characterized 
by a surface recombination velocity. Family of theoretical 
curves and numerical examples are presented to show that 
significant reduction of open-circuit voltage can occur in 
high efficiency cells which are thin compared with the 
diffusion length. In one example, the degradation is 
decreased from 135 mV to 75 mV when the cell size is 
increased from 10 to 100 times the diffusion length in a 
thin cell whose thickness Is 1% of the diffusion length. 
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11 ILK: Coal Analytes ot Modular Hal Panel ami 

Concentrator Photovoltaic Array Fields 
AUTHOR: D.C. Carmichael 

CORPORATE AUTH : Battelle Columbus Laboratories, Columbus, 

Oh i o 

MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27 30, 1982, Conference Record 
{ A84 2295 7 09 44). New York, 1982, 
p. 117 6 1182 

ABSTRACT: Modular designs for a flat panel array field 

and for two types of concentrator array fields have been 
developed which reduce the array field balance of system 
(BOS) costs and engineering design costs to a fraction of 
those experienced in previous installations. To achieve 
the BOS cost reductions, array field subsystem designs 
were integrated and optimized for minimum life cycle costs. 
It is shown that the array field BOS costs for the 
developed bu i Id i ng- block designs contribute only 0.89 to 
1.22 4 / kWh (ac) to the levelized energy cost of the 
electricity generated by the PV system. 


TITLE: An Accelerated Stress Testing Program for 

Determining the Reliability Sensitivity of Silicon 
Solar Cells to Encapsulation and Metallization 
Systems 

AUTHOR: J.V. Lathrop, C.W. Davis, and E. Royal 

CORPORATE AUTH: Clemson Univ., South Carolina; Jet 

Propulsion Laboratory 

MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27-30, 1982, Conference Record 
(A84 22957 09-44). New York, 1982, 
p. 1262 1267 

ABSTRACT: The use of accelerated testing methods in a 

program to determine the reliability attributes of terres 
trial Si solar cells is discussed. Different failure 
modes are to be expected when cells with and without encap 
su 1 at ion are subjected to accelerated testing and separate 
test schedules for each are described. Unencapsulated 
test cells having slight variations in metallization are 
used to illustrate how accelerated testing can highlight 
different diffusion related failure mechanisms. The use 
fulness of accelerated testing when applied to encapsulated 
cells is illustrated by results showing that moisture rela 
ted degradation may be many times worse with some forms of 
encapsulation than with no encapsulation at all. 

TITLE: Development of a Photovoltaic Module Qualification 

Test Based on Combined Environment Accelerated 
Stress Data 

AUTHOR: S.E. Trenchard, E . Royal, and R.T. Anderson 

CORPORATE AUTH: Coast Guard Research and De velopmen t 

Center, Groton, Connecticut; Jet 
Propulsion Laboratory; Reliability 
Technology Associates, Lockport, Illinois 
MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27 30, 1982, Conference Record 
(A84 229/5 09 44). New York, 1982, 
p. 1030 1035 

ABSTRACT: The US. Coast Guard has developed a quail flea 

lion Lest to screen PV modules for utilization on marine 
aids to navigation. The test is based on a combined 
environment of hot and cold saltwater immersion and air 
pressurization. The test has demons t rated a very-high 
acceleration factor and excellent correlation of electrical 
failures with modules in a concurrent real time marine 
exposure . 

TITLE: Progress in Growth of Silicon Ribbon by a Low 

Angle, High Kate Process 

AUTHOR: D.N. Jewett, HE. Bates, and J.W. Locher 

CORPORATE AUTH: Energy Materials Corp., So. Lancaster, 

Massachusetts 


MEhilNC I .ot A I i UN : Iblli IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27 30, 1982, Conference Record 
(A84 2295? 09 44). New York, 1982, 
p. 86 89 

ABSTRACT: Substantial progress has been achieved in the 

development of the LASS crystal growth technique since its 
inception in mid 1979. Continuously grown ribbons of 10 
to 30 meters are produced routinely at growth rates of 10 
to 80 em/tnin. Ribbon widths are 4 to 15 cm and thickness 
varies from 0.3 to 6 mm with 0.5 mm typical. At an aver 
age growth speed of 30 cm/mln and a width of 15 cm, produc 
tivity of 450 sq em/min of ribbon has been demonstrated. 
Solar cells made from LASS material have exhibited up to 
12.91 conversion efficiency (AMI) on 4 x 4 cm boron doped 
blanks . 


TITLE: The Design and Development of a Rectangular, 

Shingle Type Photovoltaic Module 
AUTHOR: N.F. Shepard, Jr. 

CORPORATE AUTH: General Electric Co., Philadelphia, 

Pennsylvani a 

MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27-30, 1982, Conference Record 
(AB4 22957 09 44). New York, 1982, 
p. 828 833 

ABSTRACT: A shingle type PV module has been designed and 

developed to meet the requirements of specifications for 
residential applications. The module is ideally suited 
for installation directly to the sheathing of a sloping, 
south facing roof of a residential, industrial, or com 
mere i al building. The design requirements are examined, 
taking inLo account also module safety requirements. 

Aspects of module design and analysis are discussed, giving 
attention to installation details, solar cells and 
electrical circuit design, the encapaulst ion system, 
substrate lamination, and the module to module intercon 
necting cable. Details of module assembly experience and 
test and outdoor exposure experience are also considered. 

TITLE: Empirical Testing of Structural Deflection 

Modeling of Large Photovoltaic Modules 
AUTHOR: LB. Duncan, C.P. Winning, A. Garcia, 111, and 

E.F Cuddihy 

CORPORATE AUTH: Hughes Aircraft Co., El Segundo, 

California; Spectrolab, Inc , Sylmar, 
California; Jet Propulsion Laboratory 
MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27 30, 1982, Conference Record 
(A84 22957 09 44). New York, 1982, 
p. 1256 1261 

ABSTRACT: The objective of the structural deflection test 

was to verify the analytical models used to predict solar 
cell stress, load bearing layer stress, and module doflec 
lion that result from a uniform pressure load on the module 
surface. The verification process consisted of measuring 
module del lection, stress in the solar cell, and stress in 
the load bearing member as a functon of normal pressure 
load, pottant modulus of elasticity, pottant thickness, 
and cell location. Four glass superstrata modules, two 
plain wood substrate modules, two ribbed wood substrate 
modules, and a steel substrate module were tested. Con 
sistent with analysis predictions, all unribbed specimens 
exhibited nonlinear load vs. deflection characteristics. 
With the exception of the steel module, test results and 
analysis predictions for panel deflectons agreed to within 
10 percent. A wider variation of agreement was found for 
stress in the load bearing members and cells. 


TITLE: Flat Plate Solar Array Progress and Plans 

AUTHOR: W.T. Callaghan 

CORPORATE AUTH: Jet Propulsion Laboratory 
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MEEIING LDLAllON: Ibth I EKE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27 30, 1982, Conference Record 
(A84 22957 09 44) . New York, 1982, 
p. 115 118 

ABSTRACT: The emphasis of the FSA Project has been shifted 

from price goals and commercial development toward longer 
term, higher risk, higher potential payoff opportunities. 
The revised objectives, status, and plans of the project 
are presented and technical progress is noted in the areas 
of: large area sheet formation; Si feedstock refinement; 
flat plate module process sequence development; and engine 
ering and environmental testing. 


TITLE: Enhanced Diffusion of Phosphorus at Grain 

Boundaries 

AUTHOR: L.J. Cheng, C.M. Shyu , K.H. Stika, T. Daud, and 

G.T. Crotty 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: lbth IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27 30, 1982, Conference Record 
(A84 22957 09 44). New York, 1982, 
p. 554 558 

ABSTRACT: Enhanced diffusion of phosphorus at grain 

boundaries in cast polycrystalline PV materials (Wacker, 
HEM, and Semix) was studied. It was found that the en 
hancements for the three materials were the same, indicat- 
ing that the properties of boundaries are similar, even 
though they were grown by different techniques. In addi 
Lion, it was observed that grain boundaries capable of 
enhancing Lhe diffusion always have strong recombination 
activities. Both phenomena could be related to dangling 
bonds existing at the boundaries. The presenl study gives 
the firsL evidence that incoherent second order twins of 
111/115 plane type are diffusion active. 


TITLE: Directional Solidification of Silicon in Carbon 

Crucibles by an Oscillating Crucible Technique 
AUTHOR: T. Daud, K.A. Dumas, G.H. Schwuttke, P. Smetana, 

and K.H. Kim 

CORPORATE AUTH: Jet Propulsion Laboratory; International 

Business Machines Corp. , Hopewell 
Junction, New York 

MEETING LOCATION: I6Lh IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept, 27-30, 1982, Conference Record 
(A84 22957 09 44). New York, 1982, 
p. 6367 

ABSTRACT: The quality of Si cast by present techniques Is 

limited by the presence of dislocations and grain bound 
aries in unseeded growth and by cellular structures with 
dislocation networks in the case of the seeded growth. To 
address these concerns, a new method of directional solidi 
fication called the oscillating crucible technique (OCT) 
is developed During growth, a carbon crucible is oscil 
lated to provide for effective stirring of the melt. This 
growth technique (seeded growth only), along with material 
characterization and solar cell fabrication and testing, 
is described. Solar cell efficiencies of up to 13 percent 
at 100 mW/sq cm area obtained in the single crystalline 
areas. Minority carrier diffusion lengths exceeding 100 
microns are measured even in the polycrystalline areas of 
the wafers. Limitations of the present setup and possible 
future improvements are discussed. 


TITLE: Characterization of the Electrical Output of 

Flat Plate Photovoltaic Arrays 
AUTHOR: C.C. Gonzalez, G.M. Hill, and R.R. Ross, Jr. 

CORPORATE AUTH; Jet Propulsion Laboratory 
MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 
Sept. 27 30, 1982, Conference Record 
(A84 22957 0944). New York, 1982, 
p. 384 390 


AUSlHACl: 1 he electric output ol llat piale PV arrays 
changes constantly, due primarily to changes in cell 
temperature and irradiance level. As a result, array 
loads such as direct current to al ternat i ng current power 
conditioners must be able to accommodate widely varying 
input levels, while maintaining operation at or near the 
array maximum power point. The results of an extensive 
computer simulation study that was used to define the 
parameters necessary for the systematic design of array/ 
power conditioner interfaces are presented as normalized 
ratios of power- condi t ioner parameters to srray parameters, 
to make the results universally applicable to a wide 
variety of system sizes, sites, and operating modes. The 
advantages of maximum power tracking and a technique for 
computing average annual power conditioner efficiency are 
discussed . 


TITLE: Interaction Between Cast Silicon Properties and 

Solar Cell Performance 

AUTHOR: S. Hyland, P. lies, D. Leung, C. Schwuttke, and 

J.A. Engclbrecht 

CORPORATE AUTH: Jet Propulsion Laboratory; Applied Solar 

Energy Corp., City of Industry, 
California; International Business 
Machines Corp., Hopewell Junction, New 
York 

MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27-30, 1982, Cbnference Record 
(A84 22957 09 44). New York, 1982, 
p. 68 73 

ABSTRACT: Three types of cast silicon, Si Iso, HEM and UCP 

were studied for their use as solar cells. Optical micro 
scopy after etching revealed a high density of uniform 
dislocations (approaching 1 ,000 , OOO/cm^ ) , lines of 
dislocations indicating stress during crystal growth, and 
precipitates, some of which generate dislocations. Solar 
cells were fabricated by three processes. Results of 
solar cell processing revealed that these materials 
produce cells of lower efficiency than Cz control cells, 
and that Lhe efficiencies of the three materials were 
quite close. Diffusion length and spectral response data 
are shown. Certain structural features are correlated 
with solar cell efficiency, diffusion length, and spectral 
response. EUIC and light spot scanning are used to back 
up other measurements. 


TITLE: Design Solutions for the Solar Cell Interconnect 

Fatigue Fracture Problem 
AUTHOR: G.K. Mon and R . G . Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27-30, 1982, Conference Record 
(A84 22957 09-44). New York, 1982, 
p. 1268 1276 

ABSTRACT: Mechanical fatigue of solar cell interconnects 

is a major failure mechanism in PV arrays. A comprehensive 
approach to the reliability design of interconnects, 
together with extensive design data for the fatigue pro- 
perties of copper interconnects, has been published. This 
paper exLends the previous work, developing failure pre 
diction (fatigue) data for additional Interconnect material 
choices, including aluminum and a variety of copper Invar 
and copper- steel claddings. An improved global fatigue 
function is used to model the probability fo-failure 
statistics of each material as a function of level and 
number of cycles of applied strain. Life-cycle economic 
analyses are used to evaluate the relative merits of each 
material choice. The copper-invar clad composites demon- 
strate superior performance over pure copper. Aluminum 
results are disappointing. 
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llic Measurement ul Variations hi Minority Carrier 
Lifetime Due to Hicruslruetural Defects in Large 
Area Polysilicon Wafers 
AUTHOK: S.H. Johnson and J.S. Culik 

CORPORATE AUTH: Solarex Corp . , Rockville, Maryland 

MEETING LOCATION: 16th I EEL Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27 30, 1982, Conference Record 
(A84 22957 09 44). New York, 1982, 
p, 548 553 

ABSTRACT: This paper describes the measurement, and 

analysis of minority carrier lifetime inhomogeneities in 
large area polysilicon wafers used to fabricate solar 
cells. Variations in free carrier lifetime are measured 
using a contactless microwave technique. The use of a 
subsequent Secco etch enables structurally related 
minority carrier lifetime degradation mechanisms to be 
distinguished from impurity related lifetime decreases. 

TITLE: Empirical Testing of an Analytical Model 

Predicting Electrical Isolation of Photovoltaic 
Models 

AUTHOK: A. Garcia, C.P. Minning, and E.F. Cuddihy 

CORPORATE AUTH: Spectrolab, Inc., Sylmar, California; 

Hughes Aircraft Co., Los Angeles, 
California; Jet Propulsion Laboratory 
MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 21 30, 1982, Conference Record 
( A84 2295 ? 09 44). New York, 1982, 
p. 1014 1019 

ABSTRACT: A major design requirement for PV modulea is 

that the encapsulation system be capable of withstanding 
large DC potentials without electrical breakdown. Pre 
sented is a simple analytical model which can be used to 
estimate material thickness to meet this requirement for a 
candidate encapsulation system or to predict the breakdown 
voltage of an existing module design. A aeries of elec- 
trical tests to verify the model are described in detail. 
The results of these verification tests confirmed the 
utiliLy of the analytical model for preliminary design of 
PV modules. 


TITLE: Non-Hass Analyzed Ion Implantation Equipment for 

High Volume Solar Cell Production 
AUTHOR: A.J. Arniini, S.N. Bunker, and MB. Spitzer 

CORPORATE AUTH: Spire Corp., Bedford, Massachusetts 

MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California Sept. 
27-30, 1982, Conference Record 
(A84 22957 09 44). New York, 1982, 
p. 895 899 

ABSTRACT: Equipment designed for junction formation in Si 

solar cells is described. The equipment, designed for a 
production level of approximately one megawatt per year, 
consists of an ion implanter and annealer. Low cost is 
achieved by foregoing the use of mass analysis during the 
implanLation , and by the use of a belt furnace for anneal 
ing. Results of process development, machine design and 
cost analysis are presented. 

TITLE: Large Area Space Solar Cell Assemblies 

AUTHOR: M.J. Nowlan and MB. Spitzer 

CORPORATE AUTH: Spire Corp., Bedford, Massachusetts 

MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27-30, 1982, Conference Record 
(A84-2295? 09-44). New York, 1982, 
p. 150 155 

ABSTRACT: Results of the development of a 34.3 sq cm 

apace solar cell and Integral glass cover are presented. 
Average AMI cell efficiency is 14V The cell design 
includes a high performance back surface reflector yielding 


a theimal alpha ul approximately U.66. A novel process Is 
described which integrates cell fabrication and encapsula 
lion thereby achieving a reduction of encapsulation cost. 
Test results indicate the potential of this new technology 


TITLE: Nuw Implantation Techniques for Improved Solar 

Cell Junctions 

AUTHOR: MB Spitzer and S.N. Bunker 

CORPORATE AUTH: Spire Corp., Bedford, Massachusetts 

MEETING LOCATION: I6th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27-30, 1982, Conference Record 
(A84 22957 09 44). New York, 1982, 
p. 764 769 

ABSTRACT: ion implantation techniques offering improved 

cell performance and reduced cost have been studied. 

These techniques include non mass analyzed phosphorus 
implantation, argon implantation gettering, and low temper 
ature boron annealing. It Is found that cells produced by 
non mass analyzed implantation perform as well as mass 
analyzed controls, and that the cell performance is 
largely independent of process parameters. A study of 
argon implantation gettering shows no improvement over 
non gettered controls. Results of low temperature boron 
annealing experiments are presented. 


TITLE: Design principles for High Efficiency Small Grain 

Polysilicon Solar Cells, with Supporting 
Experimental Studies 

AUTHOK: FA. Lindholm, A. Neugroschel, and C.T. Sah 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida; Illinois Univ., Urban*, Illinois 
MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27-30, 1982, Conference Record 
(A84 22957 09 44). New York, 1982, p. 

644 647 

ABSTRACT: Design principles suggested here aim toward 

high conversion efficiency (greater than 15 percent) in 
polysilicon cells. The principles seek to decrease the 
liabilities of both i nt ragranu 1 ar and grain boundary 
surface defects. The advantages of a phosphorus atom 
concentration gradient in a thin (less than 50 microns) 
base of a p* n x n* drift-field solar cell, which 
produces favorable gradients in chemical potential, 
minority carrier mobility and diffusivity, and recombina- 
tion lifetime (via phosphorus gettering) are suggested 
The degrading effects of grain boundaries are reduced by 
these three gradients and by substituting atoms (P, H, F 
or Li) for vacancies on the grain boundary surface. From 
recent experiments comes support for the benefits of P 
diffusion down grain boundaries and, for quasi grain- 
boundary tree and related structures. New analytic 
solutions for the n(x) base include the effect of a 
power law dependence between P concentration and life 
time. These provide an upper bound estimate on the open 
circuit voltage. Finite difference numerical solutions of 
the six Shockley equations furnish complete information 
about all solar cell parameters and add insight concerning 
design. 

TITLE: How Will we Get to 201 (AMI) Efficient Si Solar 

Cells? 

AUTHOR: M. Wolf 

CORPORATE AUTH: University of Pennsylvania, Philadelphia, 

Pennsylvania 

MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27-30, 1982, Conference Record 
(A84-229S7 09-44). New York, 1982, 
p. 355-360 

ABSTRACT: Application of recent more exact modeling 

methods has indicated the design principles for the 
achievement of Si solar cells with efficiencies above 20 
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AMI. lheae design principles ate primarily aimed at 
reducing the total device minority carrier recombination 
rate, not so much to Improve the collection efficiency, 
but more to attain higher voltages. The reduction of 
recombination Is attacked along three paths: increased 
minority carrier lifetime, reduced volume for bulk 
recombination, and reduced surface recombination. The 
lifetime control dictates the avoidance of severe Auger 
recombination anywhere In the device. Simultaneously, 
bandgap narrowing effects will also be minimized. The 
cells will be multi layer structures, which include 
high/low junctions in the base region as well as in part 
of the front region. The thickness of each of the layers 
needs to be designed In accordance to the electronic 
properties actually achieved in it and in the other layers. 


TITLE: Silicon MlS/lnvers ion- Layer Solar Cells Utilizing 

SiO Deposition 

AUTHOR: L.C. Olsen, F.W. Addis, V.A. Miller, and 

G.C. Dunham 

CORPORATE AUTH: University of Washington, Joint Center 

for Graduate Study, Richland, Washington 
MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27-30, 1982, Conference Record 
( A84 22957 09-44). New York, 1982, 
p. 1223 1230 

ABSTRACT: Results obtained for Si MLS/lnveraion Layer 

solar cells are discussed. Cells are fabricated using Al 
and Mg MIS collector grids, and by establishing an inver 
sion layer with an SiO AR layer. The theory of MIS IL 
cells has developed by solving the two dimensional diffu 
sion problem for minority carrier transport. Calculated 
cell performance explains experimental results well. 
Studies of the inversion layer formation process have 
involved studies of MOS devices and in situ measurement of 
inversion layer sheet resistance. An AMI active area 
efficiency of 16 . 1% 113.4% total area efficiency) has been 
achieved with 0.2 ohm cm single crystal material, while an 
active area efficiency of 12.8% (10.3% total area) was 
achieved with Wacker Silso polycrystalline material. 


TITLE: Solar Cell Contacts 

AUTHOR: D.L. Meier, R.B. Campbell, J.R. Davis, Jr., 

P. Kai Choudhury, and L.J. Sienkiewicz 
CORPORATE AUTH: Westinghouse Electric Corp., Pittsburgh, 

Pennsy Ivan ia 

MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27 30, 1982, Conference Record 
(A64 22957 09 44). New York, 1982, 
p . 904 910 

ABSTRACT: Two experimental contact systems were examined 

and compared to a baseline contact system consisting of 
evaporated layers of titanium, palladium, and silver and 
an electroplated layer of copper. The first experimental 
contact system consisted of evaporated layers of titanium, 
nickel, and copper and an electroplated layer of copper. 
This system performed as well as the baseline system in 
all respects, including its response to temperature stress 
tests, to a humidity test, and to an accelerated aging 
test. In addition, the cost of this system is estimated 
to be only 43 percent of the cost of the baseline system 
at a production level of 25 MW/yr. The second experimental 
contact system consisted of evaporated layers of nickel 
and copper and an electroplated layer of copper. Cells 
with this sysLem show serious degradation in a temperature 
stress test at 350 C for 30 min. Auger electron spectros- 
copy was used to show that the evaporated nickel layer is 
not an adequate barrier to copper diffusion even at temper- 
atures as low as 250 C. This fact brings into question 
the long term reliability of this contact system. 


TITLE: Impurities in Polycrystalline Silicon Solar Cells 

AUTHOR: A. Rohatgl, J.R. Davia, R.H. Hopkins, and 

P. Rai- Choudhury 


CUHl’UKAlE AUlli: We s 1 1 nghou ae Research and Development 

Center, Pittsburgh, Pennsylvania 
MEETING LOCATION: 16th IEEE Photovoltaic Specialists 

Conference, San Diego, California, 

Sept. 27-30, 1982, Conference Record 
(A84-22957 09-44). New York, 1982, p. 
411-416 

ABSTRACT: The effects of grain boundaries and impurities 

on silicon solar cell performance have been studied in 
single crystal and polycrystalline ingots by intentionally 
incut-porting 2 x 10* 2 /cu cm Mo, 10 l4 /cu cm Ti, and 
about 10 15 /cu cm Cr during Cz growth. Mo, Ti, and Cr 
degrade solar cell performance by inducing deep levels in 
silicon. Electrically active grain boundaries also reduce 
cell performance by inducing carrier recombination in the 
bulk as well as in the depletion region. At low impurity 
concentrations, polycrystall ine cell performance is con 
trolled by grain boundary recombination, while at high 
concentrations, it is dominated by the impurity, resulting 
in equal efficiencies for single crystal and polycrystal 
line cells. Impur l ty /gra l n- boundary interactions are 
species dependent and result in a decrese In impurity 
induced deep level concentration: Cr exhibits the largest 
interaction, Ti a weak interaction, and Mo no measurable 
effect . 


TITLE: Optical Absorption Coefficient and Minority 

Carrier Diffusion Length Measurements in Low Cost 
Silicon Solar Cell Material 
AUTHOR: R.T. Swintm and K.A. Dumas 

CORPORATE AUTH: University of Southern California, Los 

Angeles, California; Jet Propulsion 
Laboratory 

PUBLICATION: Journal of Applied Physics, vol. 53, Nov. 

1982, p. 7502 7504 

ABSTRACT: None. 


TITLE: Photothermal Degradation of Ethylene/Vinylacetate 

Copolymer 

AUTHOR: R.H. Liang, S. Chung, A. Clayton, S. DiStefano, 

K. Oda , S.D. Hong, and A. Gupta 
CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Polymer Alloys III. New York, Plenum 

Publishing Corp., 1983, p. 267-278 

ABSTRACT: PhotoL he rma 1 degradation studies were conducted 

on a stabilized formulation of EVA in the temperature 
range 25 105 C under three different oxygen envi ronments 
(in open air, with limited access to 0 2 , and in a dark 
closed stagnant oven). These studies were performed in 
order to evaluate the utility of EVA as an encapsulation 
material for PV modules. Results showed that at low temp 
erature (25 C) , alow photooxidation of the polymer occurred 
via electronic energy transfer involving the UV absorber 
incorporated in the polymer. However, no changes in the 
physical properties of the bulk polymer were detected up 
to 1500 h of irradiation. At elevated temperatures, leach- 
ing and evaporation of the additives occurred, which 
ultimately resulted in the chemical crosslinking of the 
copolymer and the formation of volatile photoproducts such 
as acetic acid. 


TITLE: Theory of Beam Induced Currents in Semiconductors 

AUTHOR; J.D. Zook 

CORPORATE AUTH: Honeywell Corporate Technology Center, 

Bloomington, Minnesota 

PUBLICATION: Applied Physics Letters, vol. 42, Apr. 1, 

1983, p. 602 604 

ABSTRACT: An analytical model is presented for the cur 

rent flowing in a Schottky diode or shallow p n junction 
when the current is generated by an electron beam or light 
beam. The model represents an exact solution to the 
three dimensional diffusion equation when the current- 
collecting junction is at right angles to a grain boundary 


179 



ul lo Uie a etui can due Lor surface. Hie finite site of the 
electron hole generation region is readily Included in the 
analysis. The results are given in terms of one dimen 
sional integrals which can simply and accurately be 
evaluated using a programmable hand calculator. The 
theory provides a basis for using electron beam induced 
currents or light beam Induced currents to measure the 
minority carrier diffusion length and surface recombination 
velocity at a grain boundary or surface. 

TITLE : Assessing Photovoltaic Module Degradation and 

Lifetime from Long Term Environmental Tests 
AUTHOR: D.H. Otth and R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Institute of Environmental Sciences, 

Annual Technical Heetlng, 29th, Los 
Angeles, CA, April 19 21, 1983, 
Proceedings (A85 26551 11 38) . Mount 
Prospect, Illinois, Institute of 
Environmental Sciences, 1983, p. 121 126 

ABSTRACT: The PV module failure mechanisms related to 

temperature, humidity, and electrical bias are analyzed 
using the data collected over a period of 20 yrs from 
various sites in the U.S. The approach is based on 
measuring the rate dependence of the mechanisms on site 
stress levels, and then using the rate data to analytically 
estimate the field life by means of computer models of the 
site environment. A correlation is established between 
the accelerated' constant stress testing and the time 
varying field exposures. Test results are presented for 
two failure mechanisms for a module design featuring PVB 
encapsulant for the temperature range of 85 to 100 C and 
85* relative humidity. 


TITLE: Polycrystal X ray Topography (PXT) of a Cast 

Silicon Photovoltaic Cell 

AUTHOR: R . G . Roseme i er , K.C. Yoo, and S.H. Johnson 

CORPORATE AUTH: University of Maryland, College Park, 

Maryland); Solarei Corp., Rockville, 
Maryland 

PUBLICATION: Materials Letters (ISSN 0167 577X), vol . 1, 

April 1983, p. 194 196 . 

ABSTRACT: Contiguous (4 0 4)1 and (4 4 0)2 polycrystal 

x ray topographs (PXT) have been obtained simultaneously 
wiLhin a single image for two grains of a cast polycrystal- 
line Si solar cell. A special two step twinning orientation 
relationship between the adjacent grains gives a condition 
of only faint diffraction contrast being observed at the 
boundary interface. Stereographic projection analysis was 
employed to identify simultaneous reflection conditions, 
and a portable image x ray tntensifler was routinely used 
to align x-ray images In real time. 

TITLE: Thermal Stability of Hafnium and Titanium Nitride 

Diffusion Bariers in Multilayer Contacts to Silicon 
AUTHOR: I. Suni, H. Maenpaa, M. A. Nicolet, and 

M. Luomajarvi 

CORPORATE AUTH: California Institute of Technology, 

Pasadena, California; Technical Research 
Centre of Finland, Espoo, Finland; 
Helsinki, University, Helsinki, Finland 
PUBLICATION: Electrochemical Society, Journal (ISSN 

0013 4651), vol. 130, May 1983, p. 1215-1218 

ABSTRACT: The thermal stability of reactively sputtered 

hafnium nitride (HfN) and titanium nitride (TiN) thin 
films is investigated for the application as diffusion 
barriers in metallic contacts to Si. The temperature 
range of interest is from 400 800 C. The dominating fail- 
ure mechanism is associated with loss of adhesion and 
blistering of the barrier layers. The extent of the fail- 
ure is related to the compressive stresses in the sputtered 
nitride layers. With proper constraints imposed on the 
deposition process, HfN and TiN can perform as effective 
diffusion barriers up to 800 C. 


I1II.S: Boron and Phosphorus Determination In Low 

Resistivity Solar Grade Silicon 
AUTHOR: L.P. Hunt, R.W. Francis, and J.P. Dismukes 

CORPORATE AUTH: Exxon Research and Engineering Co., 

Clinton, New Jersey 

PUBLICATION: (Electrochemical Society, Meeting, San 

Francisco, California, May 8 13, 1983) 
Electrochemical Society, Journal (ISSN 
0013 4651), vol. 131, Aug. 1984, 
p. 1888 1891 

ABSTRACT: The present investigation is concerned with an 

analytical technique which was developed to measure the 
concentrations of boron and phosphorus in a special grade 
of Si intended for use in PV applications. Research and 
development programs have been conducted with the objective 
to increase the purity of Si metallurgically produced by 
the c arbot hermi c reduction of Si in an arc furnace. The 
technique described for determining boron and phosphorus 
in the purified metallurgical Si (PMS) is somewhat similar 
to that employed by the semiconductor industry for analy 
zing polysilicon produced by the Siemens process. Hall- 
effect measurements are conducted, and a computational 
procedure is used to translate the obtained data Into 
boron and phosphorus concentrations. 

TITLE: Model Calculations for Silicon Inversion Layer 

Solar Cells 

AUTHOR: W.A. Miller and L.C. Olsen 

CORPORATE AUTH: University of Washington, Joint Center 

for Graduate Study, Richland, Washington 
PUBLICATION: Solar Cells (ISSN 0379 6787), vol. 8, May 

1983, p. 371-395 

ABSTRACT: A theoretical treatment of Si- based inversion- 

layer (1L) solar cells is presented. XL solar cells con 
sist of a p type semiconducting substrate with a back 
contact, a metal grid with a rectifying junction beneath 
the grid area, and a transparent insulating layer on the 
front surface containing a fixed charge which functions as 
an AK coating. The fixed charge creates the 1L, i.e., the 

induced surface junction, in the area between the grid 
lines. The use of MIS contacts has thus far produced 
cells with efficiencies up to 15 pet, although calcula 
tions show that cells of 19 percent efficiency are pcs 
siblo, wilh processing temperatures of less than 500 C, 

The failure to reach the optimized efficiencies has been 
attributed to high sheet resistances in the IL, and ealeu 
lations were perlormed to quantify the resistance as a 
(unction uf the cell parameters and relate them to the 
device performance. The formulation of a two dimensional 
model led to the conclusion that high efficiency is obtain 
able with a wide range of insulator charge densities, while 
the grid line spacing must remain a factor of two or three 
times that of conventional diffused cells. 


TITLE: Electrical Characteristics of Amorphous 

Iron Tungsten Contacts on Silicon 
AUTHOR: M Finetti, E.T.-S. Pan, M. A, Nicolet, and 

L Sun i 

CORPORATE AUTH: California Inst, of Tech., Pasadena, 

California; Consiglio Nazionale delle 
Ricerche, Bologna (Italy).; Technical 
Research Centre of Finland, Espoo 
PUBLICATION: Applied Physics Letters (ISSN 0003 6951), 

vol 42, June 1, 1983, p. 987-989 

ABSTRACT: The electrical characteristics of amorphous 

Fe W contacts have been determined on both p-type and 
n type Si. The amorphous films were obtained by co sput- 
tering from a composite target. Contact resistivities of 
1 x 10'*^ and 2.8 x 10 6 were measured on n + and p + 

Si, respectively These values remain constant after 
thermal treatment up to at least 500 C. A barrier height 
of 0 61 V was measured on n- type Si. 
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im.b: Cut i-elai lull of Solar Cell Electrical Properties 

with Haterial Characteristics of Silicon Cast by 
the Ubiquitous Crystallization Process 
AUTHOK: S. Hyland, D. Leunj, A. Morrison, K. Stlka, and 

H . Yoo 

COKFOHATE AUTH: Jet Propulsion Laboratory; Applied Solar 

Energy Corp. , City of Industry, California 
PUBLICATION: Electrochemical Society, Journal (ISSN 

0013 4651), vol. 130, June 1983, p. 1373-1376 

ABSTRACT: Solar cells were fabricated using a conservative 

baseline process on 13 Omega cm p type Si from ingots 
cast by the ubiquitous crystallization process. Conversion 
efficiencies of the cells were measured, as well as spec- 
tral response and minority carrier diffusion length. 
Adjacent slices from the same ingot were studied for their 
grain size, dislocation distribution, and impurity distri- 
bution. Cell performance was related to the observed 
structural features, as well as to the chemical structure 
of the ingot . 


TITLE: Analysis of the Interaction of an Electron Beam 

With Back Surface Field Solar Cells 
AUTHOK: 0. Von Roos and K.L. Luke 

CORPORATE AUTH: Jet Propulsion Laboratory; California 

State Univ., Long Beach, California 
PUBLICATION: Journal of Applied Physics (ISSN 0021 8979), 

vol. 54, July 1983, p. 3938 3942 

ABSTRACT: In this paper the short circuit current I sc 

induced by the electron beam of a scanning electron 
microscope in a back surface field solar cell will be 
determined theoretically. It will be shown that, in a 
configuration used previously for solar cells with an 
ohmic back surface, the I gc gives a convenient means for 
estimating the back surface recombination velocities and 
thus the quality of back surface field cells. Numerical 
data will be presented applicable to a point source model 
for the electron hole pair generation. 


TITLE: Contact Resistivity of TiN on p* Si and n + Si 

Measurement for Metal Contact Diffusion Barrier in 
Solar Cell 

AUTHOR: M. Finettl, I. Suni, and H. A. Nicolet 

CORPORATE AUTH: California Institute of Technology, 

Pasadena, California; CNR, Laboratorio dl 
Chlmlca e Tecnologia del Material, e 
Componentl per Electronica, Bologna, 

Italy; Technical Research Centre of 
Finland, Espoo, Finland 

PUBLICATION: Solar Cells (ISSN 0379 6787), vol. 9, Aug. 

1983, p. 179-183 

ABSTRACT: The accuracy of the derived value of the contact 

resistivity of TiN on an n + Si solar cell wag improved 
experimentally and compared with values for TiN on a 
P* Si solar cell. The TiN diffusion barrier was deposited 
on heavily doped cells by RF sputtering and a layer of 
silver was laid down over the TiN pad. Electrical measure- 
ments were performed on two different test patterns. The 
contact resistivities for the n and p cells were 0.000015 
ohm sq cm and 0.00028 ohm sq cm, respectively. The differ- 
ences were attributed to the barrier height and the surface 
dopant concentation . The results Indicate that the TiN bar- 
rier does not degrade in concentrator cont igurat ions of up 
to 50 suns for the n-type material and up to 100 suns for 
the p type material. 


TITLE: Temperature Dependent Ion Mixing and Diffusion 

During Sputtering of Thin Films of CrSi 2 on 
Silicon 

AUTHOR: U. Shreter, M.-A. Nicolet, and R. Fernandez 

CORPORATE AUTH: California Inst, of Tech., Pasadena, 

California; Jet Propulsion Laboratory 
PUBLICATION: California Applied Physics Letters (ISSN 

0003-6951 ) , vol. 43, Aug. 1, 1983, p. 247-249 


AMS I HAL l : Measurements ol sputtering yields and compos I 

Lion profiles have been carried out using backscattering 
spectrometry for samples of CrSi 2 on Si irradiated wth 
200 keV Xe ions. When the CrSi 2 layer is thinner than 
the ion range, the sputtering yield ratio of Si to Cr 
increases from 3.5 for room temperature irradiation to 65 
at 290 C. For a thick sample, the corresponding increase 
is from 2.4 to 4.0 only. These changes are explained in 
terms of a rise in the Si surface concentration ot 290 C. 
The driving force for this process seems to be the estab 
1 i aliment of stoichiometric CrSi 2 compound. Transport of 
Si to the surface is by ion mixing in the thin sample and 
thermal diffusion through the Lhick layer. 


TITLE: Silicon Haterial Technology Status Assessment for 

Electronic and Photovoltaic Applications 
AUTHOK: R. Lutwack 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEEI INC LOCATION: 1ECEC *83; Proceedings of the 

Eighteenth Intersociety Energy 
Conversion Engineering Conference, 
Orlando, Florida, Aug. 21-26, 1983. 

Vol. 3 (A84 30102 13-20). New York, 
American Institute of Chemical 
Engineers, 1983, p, 1320 1324 

ABSTRACT: Si has been the basic element for the electronic 

and PV industries. The use of Si as the primary element 
for terrestrial PV solar arrays is projected to continue. 
The reasons for this projection are related to the maturity 
of Si technology, the ready availability of extremely pure 
Si, the performance of Si solar cells, and the considerable 
present investment in technology and manufacturing facili- 
ties. The technologies for producing semiconductor grade 
Si and, to a lesser extent, refined metallurgical grade Si 
are considered. It is pointed out that nearly all of the 
semiconductor grade Si is produced by processes based on 
the Siemens deposition reactor, a technology developed 26 
years ago. The state of the art for producing Si by this 
process is discussed. It is expected that efforts to 
reduce polysilicon process conts will continue. 


TITLE: Sheet Silicon Cell/Module Technology 

AUTHOR: A.D, Morrison 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEE1 ING L0CA1 ION : 1ECEC *83; Proceedings of the 

Eighteenth Intersociety Energy 
Conversion Engineering Conference, 
Orlando, Florida, Aug. 21-26, 1983. 

Vol, 3 ( A84 30102 13-20). New York, 
American Institute of Chemical 
Engineers, 1983, p. 1325 1330 

ABS1RACT: The cost involved in the performance of the 

standard operations for the manufacture of Si wafers is 
insignificant in the case of space PV applications. It 
is, however, a decisive factor with respect to terrestrial 
applications of silicon PV devices. In 1975, a program 
was, therefore, begun to develop low cost Si solar arrays 
for terrestrial applications. The goal was Si-based PV 
modules ready for installation at a selling price of 
$0 . 50/W (1975$). Sheet and ribbon Si growth held out the 
promise of reduced cost through continuous operation, high 
material throughput, high material utilization efficiency, 
and a product whose shape lent itself to the assembly of 
high packing density modules. Attention is given to 
ribbon growth technologies, sheet technology generic 
problems, and ribbon cell and module technology status. 

It is concluded that the potential for crystalline ribbon 
Si appears to be better today than ever before. 


TITLE: An EB1C Equation for Solar Cells 

AUTHOR: K.L. Luke and 0. Von Roos 

CORPORATE AUTH: California State Univ., Long Beach.; Jet 

Propulsion Laboratory 

PUBLICATION: Solid-State Electronics (ISSN 0038-1101), 

vol. 26, Sept. 1983, p. 901 906 
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A U o 1 K Ai : i : When an election beam ul a scanning electron 

microscope impinges on an n p junction, the generation of 
electron hole pairs by impact ionization causes a charac 
teristic short circuit current I ac to flow. The I(sc), 
i.e., EBIC depends strongly on the configuration used to 
investigate the cell’s response. In this paper the case 
where the plane of the junction is perpendicular to the 
surface is considered. An EBIC equation amenable to 
numerical computations is derived as a function of cell 
thickness, source depth, surface recombination velocity, 
diffusion length, and distance of the junction to the 
beam cell interaction point for a cell with an ohmic 
contact at its back surface. It is shown that the EBIC 
equation presented here is more general and easier to use 
than those previously reported. The effects of source 
depth, ohmic contact, and diffusion length on the 
normalized EBIC characteristic are discussed. 


TITLE: Elat Plate Solar Array Progress and Plans 

AUTHOR: W.T. Callaghan and P.K. Henry 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the fifth International 
Conference, Athens, Greece. Oct. 17 21, 
1983 ( A65 11301 02-44). Dordrecht, D. 
Reidel Publishing Co., 1984, p. 455 459 

ABSTRACT: The F SA , sponsored by the DOE and managed by 

the J PL , has achieved progress in a broad range of 
technical activities since that reported at the fourth 
European Communities Conference. A particularly important 
analysis has been completed recently which confirms the 
adoption into practice by the U.S. PV industry, of all the 
low cost module technology elements proposed at the 16th 
P1M for a $2.80/Wp (1980 U.S. Dollars) design approach 
in the fall of 1980. This work presents along with a 
projection, using the same techniques, for what is believed 
to be a very credible ribbon based module design for less 
that $0 . 5 5/Wp (1980 U.S. Dollars). Other areas to be 
reported upon include low cost Si feedstock refinement; 
ribbon growth; process sequence development for cells; 
environmental isolation; engineering science investlga 
lions; and module testing progress. 


TITLE: fracture Behavior in Silicon 

AUTHOR: M.H. Leipold and C.P. Chen 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the fifth International 

Conference, Athens, Greece, Oct. 17-21, 

1983 (ASS- 11301 02 44). Dordrecht, D. 

Reidel Publishing Co., 1984, p 1014 1018 

ABSTRACT: The fracture mechanics of crystalline Si are 

reviewed, together with known techniques for minimizing 
the occurences of fracture and/or their effects. The 
fracture toughness (Kic) of Si varies only 10 percent from 
cell to cell and standard values have been established for 
different types of crystalline Si cells. A critical flaw 
size of 10 100 microns has been Identified, and also per 
tains to polycrystalline materials. Chemical polishing is 
known to double the value of kic, while edge rounding has 
no effect. Internal stresses, particularly those caused 
during ribbon growth, do not exceed 10 percent of Kic. 
External stresses are imposed by the module hardware and 
the ambient environment. Multiple contacts reduce the 
effects of cell fracture and series-parallel wiring in 
modules in arrays ameliorates the effects of single cell 
failures. During manufacturing, maintenance of quality 
control and removal of sheets displaying aberrations can, 
depending on the costs and the implementation of the array 
reliability features, result in arrays delivering any 
desired level of reliability. 


TITLE: Advances in Large Area Polycrystall ine Solar Celia 

AUTHOR: G.J. Vendura, G. Johnson, aud J.F. Hoalscher 

CORPORATE AUTH: Pennsylvania State Unlv., University 

Park, Pennsylvania; Solarex Corp., 
Rockville, Maryland 


* 


MhblLNG l.Ok.AltoN: Photovoltaic Solar Energy Coiiiereuce; 

Proceedings of the Fifth International 
Conference, Athens, Greece, Oct. 17-21, 
1983 (A85 11301 02-44). Dordrecht, D. 
Reidel Publishing Co., 1984, 
p. 1075-1084 

ABSTRACT: Po 1 ye r y s t a 1 i ne Si is presently routinely pro 

cessed into low cost 10 cm by 10 cm solar cells. However, 
assuming minimal handling difficulties, only minor equip 
ment modifications and no increase in processing complex 
ity, the fabrication of even larger geometries would be 
economically advantageous. This investigation addressed 
the feasibility of developing 10 cm by 15 cm solar cells 
from research through pilot line production stages. The 
major thrust was to minimize costing by using existing 
production equipment and proven techniques wherever pos 
sible, Accordingly methods were developed to secLion 
larger substrates from existing cast ingots, a simple 
solar cell was designed and low cost processes imple 
mented. After numerous preliminary experiments, pilot 
line production of 1500 cells was completed. Of these 
approximately 62% exhibited efficiencies greater than 7.0%, 
53% were greater than 8.0% and 15% were greater than 9.0%. 
Based on this study, the regular production of 10 cm by 
15 cm solar cells was determined to be both feasible and 
cost effective using existing processing methods. 

TITLE: Mechanisms Limiting the Performance of Large Grain 

Polycrys t ai 1 ine Silicon Solar Cells 
AUTHOR: J.S Culik, P. Alexander, K , A . Dumas, and 

J . W . Woh 1 gemu t h 

CORPORATE AUTH: Solarex Corp., Rockville, Maryland.; Jet 

Propulsion Laboratory; Cabot Corp., 
Billerica, Massachusetts 

MEETING LOCATION: Photovoltaic Solar Energy Conference; 

Proceedings of the Fifth International 
Conference, Athens, Greece, Oct. 17-21, 
1983 (A85- 11301 02-44). Dordrecht, D. 
Reidel Publishing Co., 1984, 
p. 1090 1094 

ABSTRACT: The open circuit voltage and short-circuit cur 

rent of Large grain (1 to 10 mm grain dia) polycrystalline 
Si solar cells is determined by the minor i ty- carrier dif 
fusion length within the bulk of the grains This was 
demonstrated by irradiating polycrystalline and single 
crystal (Cz) Si solar cells with 1 MeV electrons to reduce 
their bulk lifetime. The variation of short circuit 
current with minor i ty- carrier diffusion length for the 
pol y crys la 1 1 ine solar cells Is identical to that of the 
single crystal solar cells. The open-circuit voltage versus 
short circuit current characteristic of the polycrystalline 
solar cells for reduced diffusion lengths is also identical 
to that of the single crystal solar cells. The open 
circuit voltage of the polycrystalline solar cells is a 
strong function of quasi neutral (bulk) recombination, and 
is reduced only slightly, if at all, by grain-boundary 
recombi nat i on . 


TITLE: Investigation of Structural Defects Within Grain 

Volumes that Affect the Efficiency of 
Poly c ry stall i ne Silicon Solar Cell Materials 
AUTHOR: K C Yoo , W.F. Regnault , S.M. Johnson, and 

G.M. Storti 

CORPORATE AUTH: Solarex Corp., Rockville; Maryland, 

University, College Park, Maryland 
MEETING LOCATION; Photovoltaic Solar Energy Conference; 

Proceedings of the Fifth International 
Conference, Athens, Greece, Oct. 17-21, 
1983 (A85-11301 02-44). Dordrecht, D. 
Reidel Publishing Co., 1984, p. 77-84 

ABSTRACT: The origin and character of subgrain boundaries 

generated within large grains of cast polycrystalline Si 
have been Investigated using x-ray topography and electron 
beam induced current scanning techniques. It has been 
found that the subgrain structures originate at kinks in 
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lil&h angle grain boundaries when Uie material Is subjected 
to thermal stress. Further, whenever adjacent grains have 
a common rotation axis which satisfies the slip system in 
both grains, it is possible, under a suitable stress, to 
generate bundles of dislocations simultaneously in both 
grains. The resultant dislocations are electrically active 
and serve to decrease the effective minority carrier diffu- 
sion length. By controlling the thermal gradients in the 
Si bricks, the generation of subgrain boundaries can be 
minimized . 


TITLE: Analysis of an Enhanced Photoresponse Observed at 

Subgrain Boundaries in Polysilicon Solar Cells 
AUTHOR: H.C. Lin and S.M. Johnson 

CORPORATE AUTH: University of Maryland, College Park, 

Maryland, Solarex Corp., Rockville, 
Maryland 

PUBLICATION: IEEE Transactions on Electron Devices (ISSN 

0018 9383), vo 1 . ED-30, Oct. 1983, 
p. 1271 1273 

ABSTRACT: In an earlier study (Johnson et al., 1982), an 

enhanced photoresponse was observed at dislocation- 
subgrain boundaries in a polysilicon solar cell. The 
subgrain boundaries were revealed by x- ray topography 
methods. The enhanced photoresponse was attributed to 
preferential diffusion along the subgrain boundaries 
relative to a distance significant with respect to the 
value of the minority carrier diffusion length. Using a 
theoretical model of the carrier collection at the pref- 
erentially diffused boundaries, the wavelength dependence 
of the enhanced carrier collection is calculated. These 
results generally confirm the earlier experimentally 
derived model. 


TITLE: A Study of Grown In Impurities in Silicon by 

Deep Level Transient Spectroscopy 
AUTHOR: A. Rohatgi , J.R. Davis, R.H. Hopkins, and 

P.G. McMullin 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania 
PUBLICATION: Solid State Electronics (ISSN 0038 1101), 

vol . 26, Nov. 1983, p. 1039 1047 

ABSTRACT: A description is given of the deep levels caused 

by various impurities incorporated in Cz silicon ingots 
during crystal growth. It is found that the largest 
impurity induced deep level concentration, defined as the 
electrically active impurity concentration, is a fraction 
of the metal lurgical impurity content of the crystals. 

For a specific impurity, this fraction depends on the 
Lhermal history of the sample and on the ability of the 
impurity to diffuse. A decreasing electrically active 
Impurity concentration toward the surface of a Si wafer 
results from the POC13 gettering of Tl and V. However, 
Lhere is no observable effect of this heat treatment on 
the Mo concentration. For Cr , which diffuses much more 
rapidly than Mo, Tl , or V In silicon, a very significant 
reduction in the electrically active concentration is seen 
after heat treatment. In similar fashion, the electrically 
active Mo concentration in metal doped polysilicon wafers 
appears unaffected by grain boundaries; however, the 
electrically active Cr concentration at or near some grain 
boundaries Is reduced by more than an order of magnitude 
compared with that at grain centers. 


TITLE: Finite Metal Sheet Resistance in Contact 

Resistivity Measurements Application to Si/TiN 
Contacts for Solar Cell Applications 
AUTHOR: M. Finetti, I. Suni, and H.-A. Nicolet 

CORPORATE AUTH: California Institute of Technology, 

Pasadena, California; CNR, Istltuto di 
Chimica e Tecnologla del Maleriall e 
Component! per Elettronlca, Bologna, 
Italy; Technical Research Centre of 
Finland, Espoo, Finland 

PUBLICATION: Solid State Electronics (ISSN 0038-1101), 

vol. 26, Nov. 1983, p. 1065 1067 


ABSIKAOl: Because the finite sheet resistance of the TIN 

must be accounted for, the standard transmission line 
model cannot be applied to evaluate the contact resistivity 
of thin TIN layers on highly doped p+ and n+ substrates. 

Two ways are presented for including this effect using 
existing analytical models. It is shown that the results 
agree with measurements where the effect of the finite 
sheet resistance of TiN is eliminated with a metallic 
overlayer. Using these evaluation techniques, it is shown 
that the contact resistivity of TiN changes In opposite 
ways for p+ and n* Si after vacuum annealing at 600 C 
for 15 min. It is pointed out that the result is consistent 
with an increase of the barrier height of the contact by 
approximately 0.1 V to near midgap value. 


TITLE: Plastic Deformation of Silicon Dendritic Web 

Ribbons During the Growth 

AUTHOR: L.J. Cheng, K . A . Dumas, B.M. Su, and M.H. Leipold 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Crystal Growth (ISSN 0022 0248), 

vol. 70, 1984 , p. 314 318 

ABSTRACT: The distribution of slip dislocations in Si 

dendritic web ribbons due to plastic deformation during 
the cooling phase of the growth was studied. The results 
show the existence of two distinguishable stress regions 
across the ribbon formed during the plastic deformation 
stage, namely, shear stress at the ribbon edges and ten- 
sile stress at the middle. In addition, slip dislocations 
caused by shear stress near the edges appear to originate 
at the twin plane. 


TITLE: Electron Beam Induced Current Characterization of 

Back Surface Field Solar Cells Using a Chopped 
Scanning Electron Microscope Beam 
AUTHOR: K.L. Luke and L.-J. Cheng 

CORPORATE AUTH: California State Unlv. at Long Beach, 

California; Jet Propulsion Laboratory 
PUBLICATION: Journal of Applied Physics (ISSN 0021 8979), 

vol. 55, Jan. 15, 1984, p. 555 559 

ABSTRACT: A chopped EBIC technique for the chacter izat ion 

of BSF solar cells is presented. It is shown that the 
effective recombination velocity of the low high junction 
forming the back surface field of BSF cells, in addition 
to the diffusion length and the surface recombination 
velocity of the surface perpendicular to both the p n and 
low high junctions, can be determined from the data 
provided by a single EBIC scan. The method for doing so 
Is described and illustrated. Certain experimental 
considerations taken to enhance the quality of the EBIC 
data are also discussed. 


TITLE: Stress Rate and Proof-Testing of Silicon Wafers 

AUTHOR: C.P. Chen and M.H. Leipold 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: (American Ceramic Society, Annual Meeting, 

85th, Chicago, Illinois, Apr. 26, 1984) 
American Ceramic Society, Communications 
(ISSN 0002-7820), vol. 68, Feb. 1985, 
p. C 54, C- 55 

ABSTRACT: Fracture mechanics test methods were applied to 

evaluate the proof test characteristics of single crystal 
Si wafers. The results indicate that the strength distri- 
bution of Si wafers is truncated by proof testing. No 
subcritlcal crack growth occurred during proof - load 1 ng , as 
inferred from the lack of a stress- rate effect on strength 
Mechanical proof- testing appears to be an effective method 
for eliminating weak samples before cell processing. 


TITLE: Performance Improvements from Penetrating 

Back Surface Field in a Very High Efficiency 
Terrestrial Thln-Film Crystalline Silicon Solar 
Cell 

AUTHOR: C , T . Sah and F . A . Lindholm 
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COKPOkAlh AU1H; Uii l vers l l y of Illinois, Urbans, Illinois; 

University of Florida, Gainesville, 

Florida 

PUBLICATION : Journal of Applied Physics (ISSN 0021-8979), 

vol. 55, Feb. 15, 1984, p. 1174 1182 

ABSTRACT: Approximately 100 Si cells are analyzed, each 

having a different emitter or base dopant impurity distri- 
bution selected on the basis of physical anticipated 
improvements. Computations are made of the four principal 
performance parameters (open-circuit voltage, short-circuit 
current, fill factor, and maximum efficiency) using a 
program which numerically solves the six Shockley equations 
under AMI solar illumination at 88.92 mW/sq cm and at an 
optimum cell thickness of 50 microns It is found that 
significant improvements in performance can be effected by 
extending the back surface field layer thickness from 1 
microns (18% efficiency) to 40 microns (20% efficiency). 

It is also found that the immunity of cell performance to 
recombination defect or impurity center is improved by a 
factor of 2 to 3 In the recombination center density. A 
20 micron back-surface field penetration Is considered 
sufficient for 20% p 4 -n -n 4 cells with a base lifetime 
of about 20 microsec. 


TITLE: Large Area Silicon Sheet Technology Status in 

United States' Department of Energy Photovol t a i c 8 
Programs 

AUTHOR: R. Ferber, K . Shimada, and E . Costogue 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: International Journal of Solar Energy (ISSN 

0142 5919), vol. 2. March 1984. p. 171-187 

ABSTRACT: None. 


TITLE: A Theoretical Study of the Effects of Interacting 

Grain Boundaries on Electron Beam Induced Currents 
AUTHOR: K.L. Luke and 0. Von Roos 

CORPORATE AUTH: California State Univ , Long Beach, 

California; Jet Propulsion Laboratory 
PUBLICATION: Journal of Applied Physics (ISSN 0021 8979), 

vol. 55, April 15, 1984, p 2962 2966 

ABSTRACT; The influence of several grain boundaries on 
the electron beam induced current in polycrystalline Si is 
investigated. The simple geometry contemplated here, 
consisting of two plane parallel grain boundaries posses- 
sing different effective, albeit constant, surface recombi- 
nation velocities, intersecting a planar junction at right 
angles allows for an exact solution of the corresponding 
boundary value problem. It is shown that if the distance 
between the grain boundaries w becomes less than the diffu- 
sion length for minority carriers L within the grain, the 
grain boundary with the smaller effective recombination 
velocity becomes less and less visible the smaller the 
ratio w/L. 


TITLE: Stress Rate and Proof Testing of Silicon Wafers 

AUTHOR: C.P. Chen and H.H. Leipold 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: (American Ceramic Society, Annual Meeting, 

85th, Chicago, Illinois, Apr. 26, 1984) 
American Ceramic Society, Communications 
(ISSN 0002 7820), vol. 68, Feb. 1985, p. 

C-54, C 55 

ABSTRACT: Fracture mechanics test methods were applied to 

evaluate the proof- test characteristics of single crystal 
Si wafers. The results indicate that the strength distri- 
bution of Si wafers is truncated by proof testing. No sub- 
critical crack growth occurred during proof loading, as 
inferred from the lack of a stress rate effect on strength. 
Mechanical proof-testing appears to be an effective method 
for eliminating weak samples before cell processing. 


TLILE: Method tor Calculating Mull (dimensional Electric 

Fields in Photovoltaic Modules 
AUTHOR: J. Ksllia, D. Trucker, E. Cuddlhy, and 

A. Garcia, III 

CORPORATE AUTH: Hughes Aircraft Co., El Segundo, 

California; Jet Propulsion Laboratory; 
Spectrolab, Inc., Sylmar, California 
PUBLICATION: Solar Cells (ISSN 0379-6787), vol. 11, May 

1984, p. 309-330 

ABSTRACT: A finite element method for evaluating the 

electrical isolation characteristics of PV modules was 
developed, its accuracy was verified by comparison with an 
exact solution for a geometry similar to that of solar 
cells. Tests on a square test coupon, employed in 
electrical isolation tests, and a group of disc shaped 
solar cells illustrated the finite element method's 
usefulness in evaluating module encapsulation designs. 
Finite element models had to avoid adjacent large and 
small elements and elements with large aspect ratios, and 
the NASTKAN output had to be curve fitted to calculate the 
maximum field. Geometric limits were Indicated: cells 
with very sharp edges, and cells much thinner or thicker 
than the dielectric pottant layer. 


TITLE: Electrical Characteristics of Amorphous 

Molybdenum Nickel Contacts to Silicon 
AUTHOR: K . T . Y Kung, M.-A. Nicolet, and I. Suni 

CORPORATE AUTH: California Inst, of Tech., Pasadena, 

California; Technical Research Centre of 
Finland, Eapoo 

PUBLICATION: Journal of Applied Physics (ISSN 0021 8979). 

vol. 55, May 15, 1984, p. 3882-3885 

ABSTRACT: The electrical characteristics of sputtered, 

amorphous Mo Ni contacts have been measured on both p and 
n type Si, as functions of composition (30, 54, and 58 at. 
percent Mo) The contact resistivity on both p 4 and 
n 4 Si is in the 0.00000 ohm sq cm range. The barrier 
height lor as deposited samples varies between phi bp = 
0.47 0.42 V on p type Si and between phi-bn = 0.63-0 68 V 
on n type Si, as the composition of the amorphous layer 
goes from Ni rich to Mo rich. The sum phi bp + phi bn 
always equals 1.12 V, within experimental error. After 
thermal treatment at 500 C for 1/2 h, the contact reais 
tivity changes by a factor of two or less, while the 
barrier height changes by at most approximately 0.05 V. 

In light of these results, the amorphous Ho Ni film makes 
good ohmic contacts to Si. 


TITLE: High Efficiency Ion Implanted Silicon Solar Cells 

AUTHOR: MB Spitzer, S.P. Tobin, and C.J. Keavney 

CORPORATE AUTH: Spire Corp., Bedford, Massachusetts 

PUBLICATION: IEEE Transactions on Electron Devices (ISSN 

0018 9383), vol. BD-31, May 1984, p. 546 550 

ABSTRACT: The development of solar cells with AMI conver- 

sion efficiency of 18 percent is reported. The cells com- 
prise an n 4 p p 4 structure fabricated from FZ Si having 
resistiviLy of 03 ohm cm. The n 4 and p 4 regions are 
formed by low energy ion implantation and thermal anneal- 
ing. An important feature of cell fabrication is the 
growth of SiO^ passivation for reduction of surface 
recombination velocity. Details of both cell fabrication 
and testing are reported . 


TITLE: Unifying View of Transient Responses for 

Determining Lifetime and Surface Recombination 
Velocity in Silicon Diodes and Back-Surface Field 
Solar Cells, With Application to Experimental 
Short Circuit Current Decay 

AUTHOR: T. W. Jung, FA. Lindholm, and A. Neugroschel 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida 

PUBLICATION: IEEE Transactions on Electron Devices (ISSN 

0018 9383), vol. ED-31, May 1984, p. 588 595 

ABSTRACT: None. 
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llll. hi: L V Characteristics and Fell ormance of Silicon 

Solar Cells between Low and High Level Injection. 
I - The Modeling Method 
AUTHOR: M . A . Wolf and M. Wolf 

CORPORATE AUTH: Wang Laboratories, Inc., Lowell, 

Massachusetts; University of 
Pennsylvania, Philadelphia, Pennsylvania 
PUBLICATION: 1 EKE Transactions on Electron Devices (ISSN 

0018 9383), vol. ED 31, Hay 1984, p. 684-689 

ABSTRACT: A relatively simple computational method is 

reported for studying the operation of solar cells above 
low level injection. The method is a quasi numerical ex 
tension to the original transport velocity transformation 
method, and is designed for the modelling of IV character 
istics. The carrier concentrations are approximated by 
segments of exponential functions, and the electrostatic 
fields and material parameters by piecewise constant func- 
tions. The method achieves good results while represent 
ing a cell by relatively few layers. The derivation of 
the model is shown, and the convergence algorithm and 
error analysis are discussed. 


TITLE: Contact Resistance Its Measurement and Relative 

Importance to Power Loss in a Solar Cell 
AUTHOR: D.L. Meier and D.K. Schroder 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania; Arizona 
State University, Tempo, Arizona 
PUBLICATION: IEEE Transactions on Electron Devices (ISSN 

0018 9383), vol. ED 31, May 1984, p. 647-653 

ABSTRACT: The concept of contact resiativity is discussed 

briefly and a technique for its measurement is presented. 
This technique allows for resistive contact material and 
for the possibility that the semiconductor sheet resistance 
beneath the contact differs from the semiconductor sheet 
resistance beside the contact. The test pattern is unique 
in that the effecLs of contact resistance are accumulated 
over the pattern, nearly unencumbered by voltage and cur- 
rent probes which might otherwise influence the current 
flow. Measurements of contact resistivities for typical 
solar cell metallizations using thia technique are reported 
to be in the and 10 to the -6th ohm sq cm range. The rela- 
tive importance of contact resistance compared to other 
sources of power loss in a solar cell is determined for a 
typical contact system. Expressions derived in order to 
make this comparison are useful for evaluating and optimiz- 
ing a solar cell contact system. Values of series resist- 
ance calculated using these expressions are compared with 
measured values . 


TITLE: Design, Fabrication, and Analysis of 17-18% 

Efficient Surface Passivated Silicon Solar Cells 
AUTHOR: A. Rohatgl and P. Ra i - Choudhury 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania 
PUBLICATION: IEEE Transactions on Electron Devices (ISSN 

0018-9383), vol. ED-31, Hay 1984, p. 596-601 

ABSTRACT: A simple analytical model has been developed 

which provides useful guidelines for fabricating high 
efficiency Si solar cells. Consistent with the model 
calculations, both surfaces of n + - p p + solar cells 
were passivated by a thin layer of thermally grown 
SiO ? . Oxide passivation resulted in 17.2% efficient 
solar cells on 4 ohm-cm base material. Passivated cells 
show about 3 mA/sq cm increases in J 8C , about 20 mV 
improvement in V oc , and about 2% increase in absolute 
cell efficiency compared to the counterpart 15.2% efficient 
unpassivated cells. The majority of improvement in V oc 
came from the emitter surface passivation, while both 
front- and back surface passivation contributed to the 
increase In J gc . The emitter region should not ba 
regarded as a dead layer because emitter surface passiva- 
tion can increase the quantum efficiency at short wave- 
lengths from 40% to greater than 75%. 


llll.E: Assessing Photovoltaic Hudule Lite from Long term 

Env i ronment al Tests 
AUTHOR: D.H. Otth and R.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Environmental Integration Technology 

Today for a Quality Tomorrow; 

Proceedings of the Thirtieth Annual 
Technical Meeting, Orlando, Florida, 

May 13, 1984 (A86-22176 08 38) . Mount 
Prospect, Illinois, Institute of 
Environmental Sciences, 1984, p. 216 221 

ABSTRACT: An assessment is made of results obtained by an 

experimental program having as its aim the identification 
of critical temperature humidity bias degradation mechan 
isms in solar cell modules intended to have an operating 
lifetime of the order of 20-30 years. These mechanisms 
are studied in the context of conditions encountered over 
Lhe course of long term operation in various sites in the 
US. Accelerated tests for the assessment of product 
lifetime entail the development of a correlation between 
test and application conditions; this has been accom 
plished through an analytical procedure for the correla 
tion of time varying field exposures to constant stress 
accelerated environments. 


TITLE: Effect of Localized Polycrystalline Silicon 

Properties on Solar Cell Performance 
AUTHOR: D. l.eung, P.A. Ilea, S. Hyland, and A. Kachare 

CORPORATE AUTH: Applied Solar Energy Corp., City of 

Industry, California; Jet Propulsion 
Laboratory 

MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
1-4, 1984, Conference Record (A85-35601 
16-44). New York, 1984, p. 264-270 

ABSTRACT: Several forms of polycrystalline Si, mostly from 

cast ingots, (including UCP, S1LSO and HEM) were studied. 

On typical slices, localized properties were studied in 
two ways. Small area (about 2.5 sq mm) mesa diodes were 
formed, and localized PV properties were measured. Also a 
small area (about .015 sq mm) light spot was scanned across 
the cells; the light spot response was calibrated to 
measure local diffusion length directly. Using these 
methods, the effects of grain boundaries, or of intragrain 
imperfections were correlated with cell performance 
Except for the fine grain portion of SILSO, grain bound 
aries played only a secondary role in determining cell 
performance. The major factor was intragrain material 
quality and it varied with position in ingots end probably 
related to solidification procedure. 


TITLE: The Integration of Bypass Diodes with Terrestrial 

Photovoltaic Modules and Arrays 
AUTHOR: N.F. Shepard and R.S. Sugimura 

CORPORATE AUTH: General Electric Co., Philadelphia, 

Pennsylvania; Jet Propulsion Laboratory 
MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
1-4, 1984, Conference Record (A85-35601 
16-44). New York, 1984, p. 676-681 

ABSTRACT: Bypass diodes are often required to limit the 

potential for reverse voltage ‘hot-spot’ heating in high 
voltage arrays or in arrays that undergo periodic operation 
near the short-circuit point. In addition, when properly 
applied, bypass diodes can minimize the effect of shadow 
ing and various Internal module failures on the array 
energy output. This paper discusses the mechanical and 
electrical integration of bypass diodes beginning with the 
array level considerations which influence the selection 
of an implementation approach. Concepts for the mounting 
of these diodes, both Internally within the module 
encapsulant and externally to the exposed rear surface of 
the module, are described. Factors affecting the relia- 
bility of bypass diodes, including the control of junction 
temperature through adequate heat sinking and the derating 
of reverse voltage, are discussed. 
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II lib. Elect ileal Isolation Design ul Phuluvul laic Mudulea 
AUTHOR: J M Kallis, D.C. Trucker, R.K Szeto, 

E . F. Cuddihy, and A. Garcia, 111. 

CORPORATE AUTH: Hughes Aircraft Co., El Segundo, 

California; Jet Propulsion Laboratory; 
Spectrolab, Inc., Sylniar, California 
MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
14, 1984, Conference Record (ASS- 35601 
16 44). New York, 1984, p. 693 699 

ABSTRACT: A method was developed for calculating the 

magnitude and location of the maximum electric field for a 
family of solar cell like shapes. Simple formulas for use 
by photovoltaic module designers were developed. They 
provide quantitative information on the effects of the 
cell shape, cell thickness, and pottant thickness on the 
electrical stress intensification at the cell edge. A 
method for calculating the lines of force for three 
dimensional electric fields was developed and applied to a 
geometry of interest to the PV program. 


TITLE: Flat-Plate Solar Array Progress and Plans 

AUTHOR: W.T. Callaghan 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
1-4, 1984, Conference Record (A85 35601 
16-44). New York, 1984, p. 485 488 

ABSTRACT: The results of research into the technology of 

flat plate solar arrays undertaken in the FSA Project under 
the sponsorship of DOE are surveyed. Topics examined 
include Si refinement, ribbon sheet substrate formation, 
module process sequences, environmental isolation, module 
engineering and testing, and PV array economics. 

TITLE: Mechanical Proof Testing in Cell Processing 

AUTHOR: C.P. Chen, M.H. Leipold, and K.G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
14, 1984, Conference Record (A85-35601 
1644). New York, 1984, p. 1384, 1385 

ABSTRACT: Fracture mechanics test methods are applied to 

evaluate the proof test characteristics of Si Cz wafers. 

The results indicate that the strength distribution of Si 
wafers is truncated by proof testing and no subcritical 
crack growth in Si is observed during proof loading. 
Mechanical proof testing appears to be an effective method 
to eliminate weak samples before cell processing. 


TITLE: Determination of Hot-Spot Susceptibility of 

Nultistring Photovoltaic Modules in a 
Central- Station Application 
AUTHOR: C.C. Gonzalez, R.W. Weaver, R.G. Ross, Jr., 

R. Spencer, and J.C. Arnett 

CORPORATE AUTH: Jet Propulsion Laboratory; Acurex Corp. , 

Mountain View, California; ARCO Solar, 
Inc., Woodland Hills, California 
MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
1-4, 1984, Conference Record (A85 35601 
16-44) . New York, 1984, p. 668 675 

ABSTRACT: Part of the effort of the JPL FSA includes a 

program to improve module and array reliability. A col- 
laborative activity with industry dealing with the problem 
of hot spot heating due to the shadowing of PV cells in 
modules and arrays containing several paralleled cell 
strings is described. The use of multiparallel strings in 
large central station arrays introduces the likelihood of 
unequal current sharing and increased heating levels. 

Test results that relate power dissipated, current imbal- 
ance, cross strapping frequency, and 3hadow configuration 
to hot-spot heating levels are presented. Recommendations 


toi circuit design cunt lgursi ions appropriate to central 
station applications that reduce the risk of hot-spot 
problems are offered, Guidelines are provided for develop 
ing hot spot tests for arrays when current imbalance is a 
threat . 


TITLE: Fluidized Bed Silicon Deposition - Si Production 

via Silane Pyrolysis 

AUTHOR: G. Hsu, A. Morrison, N. Rohatgi, R. Lutwack, and 

T. MacConnell 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
14, 1984, Conference Record (A85 35601 
1644). New York, 1984, p. 553-557 

ABSTRACT: The growth of Si on seed particles from the 

pyrolysis uf silane in a FBR was studied. The grown 
particles were shown to be crystalline and to have a 
structure which has been interpreted to indicate growth by 
chemical vapor deposition as well as by the collection 
(scavenging) of Si clusters on seed particle surfaces. 
Scanning electron microscopy was used to study the product 
morphology 


TITLE: Predicting Electrochemical Breakdown in 

Terrestrial Photovoltaic Modules 
AUTHOR: G K. Mon, R.G. Ross, Jr., G. Whitla, and 

J . Orehot sky 

CORPORATE AUTH: Jet Propulsion Laboratory; Wilkes 

College, Wilkes Barre, Pennsylvania 
MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
1-4, 1984, Conference Record (A85- 36501 
16-44). New York, Institute of 
Electrical and Electronics Engineers, 
1984, p. 682-692 

ABSTRACT: Electrochemical corrosion of PV cells can cause 

a cell to frame short circuit with two undesirable results: 
(1) catastrophic loss of source circuit power; and (2) high 
field maintenance (module replacement) costs. Parameter 
dependencies are determined and encapsulated two cell 
coupons are exposed to a range of voltage differences, tem 
peratures, and relative humidities. Material relative per- 
formance is assessed. Nine different metallization encap 
sulation combinations are tested. 


TITLE: Technology Developments Toward 30-Year-Life of 

Photovoltaic Modules 
AUTHOR: K G. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION; 17th IEEE Photovoltaic Specialists 
Conference, Kissimmee, Florida, May 
14, 1984, Conference Record (A85 35601 
16-44). New York, 1984, p. 464472 

ABSTRACT: As part of the United States National PV Pro 

gram, the JPL FSA Project has maintained comprehensive 
reliability and engineering sciences activity addressed 
toward understanding the reliability attributes of ter- 
restrial flat plate PV arrays and to deriving analysis and 
design tools necessary to achieve module designs with a 
30-yr useful life. The considerable progress to date 
stemming from the ongoing reliability research is discus- 
sed, and the major areas requiring continued research are 
highlighted. The result is an overview of the total array 
reliability problem and of available means of achieving 
high reliability at minimum cost. 


TITLE: Flammability of Photovoltaic Modules 

AUTHOR: R.S. Sugimura, D.H. Otth, R.G. Ross, Jr. t 

K.J. Lewis, and J.C. Arnett 

CORPORATE AUTH: Jet Propulsion Laboratory; ARCO Solar, 

Inc . , Woodland Kills, California 
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HEM INC LUCAllUN: 1/Lh UEE Pholovo 1 1 a 1 c Specialists 

Conference, Kissimmee, Florida, May 
1*4, 1984, Conference Record (A85 35601 
16-44). New York, 1984, p. 489495 

ABSTRACT: A aeries of Class B burning- brand tests were 

performed on experimental modules using high temperature, 
back surface materials to develop the technology base 
required to construct fire ratable modules. Results in- 
dicate the existence of synergistic relationships between 
hydrocarbon encapsulation materials and the experimental 
module configurations that provide increased fire resist- 
ance. These configurations use KapLon, fiberglass, neoprene 
rubber, stainless steel foil or aluminum foil as the back 
surface. Successful test results occur when the structural 
integrity of the module back surface is maintained. Test 
failures of these modules always occur for one of three 
reasons: the outermost back cover melts, rips, or is too 
porous. In each case flammable molten encapsulant, its 
gaseous byproducts, or both, penetrates the back surface 
of the module and bursts into flame. Future efforts to 
complete the technology base will concentrate on the 
spread of- flame test, focusing on the more promising 
configurations identified in the initial series of tests. 


TITLE: Backside Damage Gettering in Cast Folycrystall ine 

Silicon 

AUTHOR: J. Culik, S. Rone in, and P. Alexander 

CORPORATE AUTH: Solarex Corp., Rockville, Maryland; Jet 

Propulsion Laboratory 

MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
14, 1984, Conference Record (A85 35601 
16-44) . New York, 1984, p. 259 263 

ABSTRACT: The technique of backside damage gettering 

improves the performance of short ml nor 1 ty- car r i er dif- 
fusion length, large grain (grain diameter greater than l 
to 2 mm), cast polycrystalline Si. On average, increases 
of nearly 20 percent in short circuit current, 10 mV in 
open circuit voltage, and 15 percent in peak power were 
obtained by heat treating 300 micron thick polycrystall ine 
wafers at 1000 C in flowing nitrogen for 5 h. Additional 
measurements of the bulk and space charge recombination 
current components indicate that this improvement results 
from a significant increase in the minority carrier diffu- 
sion length due to gettering of impurities from the bulk. 


TITLE: Limiting Mechanisms in Large Grain Polyc ry a tal 1 i ne 

Silicon Spatial Homogeneity 
AUTHOR: J. Culik and K. Grimes 

CORPORATE AUTH: Solarex Corp . , Rockville, Maryland 

MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
14, 1984, Conference Record (A85-35601 
16-44). New York, 1984, p. 1137-1142 

ABSTRACT: An experiment to investigate the spatial homo 

geneity of large grain polycrystalline Si shows a number 
of performance loss mechanisms. Arrays of up to 400 small 
(about 0.2 sq cm in area) photodiodes were fabricated on a 
selection of 10 cm x 10 cm polycrystalline Si wafers. 
Measurements of the illuminated current- voltage (J V) 
characteristics were used to generate maps of V oc , J sc , 
and FF as a function of position; and dark J V and LBIC 
analysis were used to determine the cause of low perfor- 
mance in areas with significantly degraded J-V character- 
istics. In addition to the presence of inclusions, which 
act as resistive shunts, the performance of many of the 
cells is limited by quasineutral recombination current, 
which may vary by up to an order of magnitude across a 
wafer. The increase is the result of either electrically 
active grain boundaries or numerous subgrain boundaries 
within the grain bulk. In other Isolated instances, the 
open circuit voltage is reduced by excess space charge 
recombination current that is not correlated with either 
grain or subgrain boundary activity. 


II ILL Mechanisms Limiting Open Circuit Voltage in 
Silicon Solar Cells 

AUTHOR: H.B. Spitzer, C.J. Keavney, S.P. Tobin, 

F.A. Lindholm, and A. Neugroschel 
CORPORATE AUTH: Spire Corp., Bedford, Massachusetts; 

Florida, University, Gainesville, Florida 
MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
1-4, 1984, Conference Record (A85 35601 
16-44). New York, 1984, p. 1218 1224 

ABSTRACT: This paper reports the results of research on 

mechanisms limiting open circuit voltage in conventional 
p-n junction Si solar cells, with a view toward both the 
understanding of various heavy doping effects and the 
achievement of high conversion efficiency. Experimental 
and theoretical studies have been conducted in order to 
correlate heavy-doping effects to actual solar cell per- 
formance. The experiments have utilized a variety of 
emitter configurations with various doping concentrations 
in order to emphasize a number of concentration dependent 
mechanisms. The theoretical modeling addresses the detenu 
inatlon of both recombination velocity at the passivated 
front surface and effects of recombination at the front 
ohmic contact. 


TITLE: Ion Implanted Silicon Solar Cells with 18 Percent 

Conversion Efficiency 

AUTHOR: H.B. Spitzer, C.J. Keavney, S.P. Tobin, and 

J . B . Mi Is te i n 

CORPORATE AUTH: Spire Corp., Bedford, Massachusetts; 

Solar Energy Research Institute, Golden, 
Colorado 

MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida May 14, 
1984, Conference Record (A85-35601 
16-44). New York, 1984, p. 398-402 

ABSTRACT: The results of research on the basic under 

standing of high efficiency in Si solar cells are pre- 
sented. It is shown that through the use of low resis 
tivity silicon, texture etching, ion Implantation, surface 
passivation, and TB 2 O 5 antireflection coatings, very 
high performance can be obtained. Cells with 18 l AMI 
conversion efficiency (100 mW/sq cm, 28 C) are reported, 
and research to increase the performance to much higher 
levels is described. 


TITLE: Progress in Developing Ultrathln Solar Cell 

Blanket Technology 

AUTHOR: R.E. Patterson, H.G. Mesch, and J. Scott-Monck 

CORPORATE AUTH: TRW, Inc., Redondo Beach, California; 

Jet Propulsion Laboratory 

MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
1-4, 1984, Conference Record (A 8 S 35601 
16-44). New York, 1984, p. 320-325. 

ABSTRACT: A program was conducted to develop technologies 

for welding interconnects to three types of 50 micron 
thick, 2 by 2 cm solar cells. Parallel gap resistance 
welding was used for interconnect attachment. Weld 
schedules were independently developed for each of the 
three cell types and were coincidentally identical. Six 
48 cell modules were assembled with 50 micron (nominal) 
thick cells, frosted fused-slllca covers, silver-plated 
Invar interconnectors, and four different substrate 
designs. Three modules (one for each cell type) have 
single layer Kapton ( 50-micron-th lek) substrates. The 
other three modules each have a different substrate 
(Kapton Kevlar Kapton, Kapton graph! te- Kapton , and 
Kapton graphite aluminum honeycomb graph l te ) . All six 
modules were subjected to 4112 thermal cycles from -175 to 
65 C (corresponding to over 40 years of simulated geosyn- 
chronous orbit thermal cycling) and experienced only neg- 
ligible electrical degradation ( 1.1 percent average of six 
48-cell modules). 
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1 i ILK: Computer Modeling Results on All Si Cascade Solar 

Cells 

AUTHOR: P.D. Sparks, F.G. Allen, and T. Daud 

CORPORATE AUTH: University of California, Los Angeles, 

Los Angeles , California; Jet Propulsion 
Laboratory 

MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
14, 1984, Conference Record (A85 35601 
1644). New York, 1984, p. 726 728 

ABSTRACT: The properties of a cascade solar cell made 

entirely of Si are investigated numerically with the goal 
of developing an optimal Si solar cell grown by molecular 
beam epitaxy. The cascade cell is modeled as two standard 
back surface field cells with abrupt junctions connected 
by a tunnel junction. A cascade cell would have approxi- 
mately twice the open-circuit voltage of a single cell. 

If the minority carriers generated in the front cell can 
be reflected before reaching the tunnel junction, then the 
cascade cell will show an increase in efficiency over a 
single cell by a percentage point. 


TITLE: Lifetimes in Si CVD Epitaxial and Other Layers 

Determined by Spectral LBIC 
AUTHOR: M. Wolf, M. Newhouse , and R. Stirn 

CORPORATE AUTH: University of Philadelphia, Pennsylvania; 

Jet Propulsion Laboratory 

MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
14, 1984, Conference Record (A85 35601 
16 44). New York, 1984, p. 563 568 

ABSTRACT: In an effort to evaluate the minority carrier 

lifetimes in CVD epitaxially grown layers in their depend 
ence on the CVD process variables, the absolute spectral 
LBIC method was found to be the only available method 
capable of yielding both lifetime and surface recombina 
lion velocity in layers, independent of the resistivity of 
this layer or that of the substrate, as long as they are 
separated by a pn junction. With this method, it was not 
only possible to determine the minority carrier lifetimes 
in as grown epl layers, but to observe their changes 
through the device fabrication processes. In addition, it 
was possible for the first time to determine the lifetimes 
in the alloy regrowth p + layers of base high/low 
junction structures. 


TITLE: High Efficiency Silicon H1NP Solar Cells 

AUTHOR: L.C. Olsen, F.W. Addis, W.A. Miller, and G. Dunham 

CORPORATE AUTH: University of Washington, Joint Center 

for Graduate Study, Richland, Washington 
MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
14, 1984, Conference Record (A85 35601 
16-44). New York, 1984, p. 403 408 

ABSTRACT: Investigations of high -ef fie iency M1NP Si solar 

cells are discussed. Emphasis is placed on cell character- 
isation to develop a basic understanding of current 
transport mechanisms which limit cell efficiency. Fabrica- 
tion and characterization of cells based on 0.2 ohm cm 
substrates, diffused emitters 150 200 nm deep, and with Mg 
MIS collector grids are discussed. A total area AMI 
efficiency of 16.8 percent has been achieved. Detailed 
analyses of photocurrent and current-loss mechanisms are 
presented and utilized to predict future directions of 
research . 


TITLE: The Decisive Impact of Cell Efficiency on the 

Implementation of Photovoltaic Systems 
AUTHOR: E.F. Federmann and A Rohatgi 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania 
MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, Hay 
14, 1984, Conference Record (A85-35601 
16 44). New York, 19B4 , p. 976-981 

ABSTRACT: None. 


II 11E Emitter touualLun in Dendritic Web Silicon Solar 
Cells 

AUTHOR: D.L Meier, A. Rohatgi, R.B. Campbell, 

P. Alexander, S.J. Fonash, and R. Singh 
CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania; 
Westinghouse Electric Corp., Pittsburgh, 
Pennsylvania; Jet Propulsion 
Laboratory; Pennsylvania State Univ., 
University Park, Pennsylvania 
MEETING LOCATION: 17th IEEE Photovoltaic Specialists 

Conference, Kissimmee, Florida, May 
1 4, 1984, Conference Record (A8S 35601 
16 44). New York, 1984, p. 427 433 

ABSTRACT : The use of liquid dopants and liquid masks for 

p n junction formation in dendritic web solar colls was 
investigated and found Lo be equivalent to the use of 
gaseous dopants and CVD SiO^ masks previously used. 

This results in a projected cost reduction of 0.02 1980$/W 
for a 25 MW/y production line, and makes possible junction 
formation processes having a higher throughput than more 
conventional processes. The effect of a low energy (0.4 
keV) hydrogen ion implant on dendritic web solar cells was 
also investigated Such an implant was observed to improve 
V QC and J sc substantially. Measurements of internal 
quantum efficiency suggest that it is the base of the 
cell, rather than the emitter, which benefits from the 
hydrogen implant The diffusion length for electrons in 
the p type base increased from 53 microns to 150 microns 
in one case, with dendritic web cell efficiency being 
boosted to 15,2 percent. The mechanism by which low energy 
hydrogen ions can penetrate deeply into the Si to effect 
the observed improvement is not known at this time 


TITLE: I’hotovol t a i cs - Where Are We Going? 

AUTHOR: V.T. Cal laghan 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Solar Cells (ISSN 0379 6787), vol . 12, 

June July 1984, p. 37-40. 

ABSTRACT: The directions that will be followed for solar 

cell development, production and marketing are projected 
on the basis of experiences gained during the JPL’s FSA 
Project. IL is thought that a billion dollar market for 
Si ribbons can be established by 1990. Thin film tech 
nology will yield a product at $2 U . S . /W at the end of the 
1980s. N&D is growing more focused on central station PV 
generators, although the residential market may be the 
more suitable go a l. The intermediate mar ke t s , e . g . , 
schools, hospitals and shopping centers may be developed 
before the central stations. 


TITLE: importance and Considerations of High Efficiency 

Sol ar Cells 

AUTHOR: A. Rohatgi and E.F. Federmann 

CORPORATE AUTH: Westinghouse Research and Development 

Center, Pittsburgh, Pennsylvania 
PUBLICATION: Solar Cells (ISSN 0379 6787), vol. 12, 

June July 1984, p. 1/7 183 

ABSTRACT: The impact that solar cell efficiency improve 

men t s have on overall system cost is explored. Module 
costs for widespread use will be about $0.7/Wp, with 16% 
efficiency modules and 18% efficient cells. Experimental 
crystal cells currently reach that level and production 
materials will be available in 1990. Improvements in cell 
technology are needed to reduce cell defects, extend the 
carrier lifetimes, reduce cell thickness and improve antl- 
reflective coatings. In early commercialization stages, 
only half the module costs can be reduced through improve- 
ments in the cell performance alone. When production lines 
are set up, however, module processing will be nearly 
optimized and the majority of coat reductions will reside 
with cell efficiency upgrades. 
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111LK: lutluence ol F and Cl on Ihe Hec ry ala 1 1 Izat l on of 

Ion- Implanted Stuorphous Si 

AUTHOR: l. Suni, U. Shreter, M.-A. Nicolet, and J.E. Baker 

CORPORATE AUTH: California Institute of Technology, 

Pasadena, California; Technical Research 
Centre of Finland, Semiconductor 
Laboratory, Espoo, Finland; Illinois, 
University, Urbana, Illinois 

PUBLICATION: Journal of Applied Physics (ISSN 0021 8979), 

vol. 56, July 15, 1984 

ABSTRACT: The effect of fluorine and chlorine implantation 

on the solid phase epitaxial regrowth of amorphized 100 
line type Si was studied in intrinsic and heavily boron- 
doped material. Annealings were performed at 500 and 
600 C. Both F and Cl retard the regrowth rate at 500 C. 

The growth rates are much faster in B-doped than in undoped 
Si. Complete rogrowth In b doped Si is obtained for all 
investigated doses of fluorine up to 5 x 10 15 /sq cm at 
600 C for 30 min. The same dose of chlorine stops the 
regrowth at this temperature. 


TITLE: Field Funneling and Range Straggling in Partially 

Depleted Silicon Surface Barrier Detectors 
AUTHOR: J.A. Zoulendyk and C.J. Malone 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: (IEEE, U.S. Defense Nuclear Agency, 

US. Department of Energy, and NASA, 
Annual Conference on Nuclear and Space 
Radiation Effects, 21at, Colorado 
Springs, Colorado, July 23 25, 1984) 
IEEE Transactions on Nuclear Science 
(ISSN 0018 9499), vol. NS 31 , Dec. 

1984 , p. 1101 1105 

ABSTRACT: The effects of field funneling and range strag 

gling have been quantitatively observed in the measurement 
of charge collected from alpha particle tracks in Si 
surface barrier charged particle detectors. The method 
described may be used for the straight-forward measurement 
of charge collection from heavy ions in these and other 
semiconductor devices. 


TITLE: Recombination active Defects in Silicon Ribbon and 

Palycrystalline Solar Cells 
AUTHOR: L.J. Cheng 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Metallurgical Society of AIME, 

International Conference on Defects in 
Semiconductors, 13th, Coronado, 
California, August 12-17, 1984, 
Proceedings. Uarrendale, Pennsylvania, 
Metallurgical Society of AIME, 1984, 
p. 03-409 

ABSTRACT: This paper reports results from a study of 

recombi nat ion- act i ve structural defects in Silicon ribbon 
and polycrystalline solar cells using the EBIC technique 
in a scanning electron microscope. It is demonstrated 
that low temperature EBIC measurements can reveal a range 
of defects that are not observable at room temperature, 
including slip dislocations in Si dendritic web ribbons as 
well as decorated twin boundaries and dislocation complexes 
in cast polycrystalline Si solar cell materials. 


TITLE: Terrestrial Photovoltaic Collector Technology 

Trends 

AUTHOR: K. Shimada and K. Costogue 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: 1ECEC *84: Advanced Energy Systems - 

Their Role in Our Future; Proceedings 
of the Nineteenth Intersociety Energy 
Conversion Engineering Conference, San 
Francisco, California, Aug. 19-24, 

1984. Vol, 4 (A85-45351 22-44). La 
Grange Park, Illinois, American Nuclear 
Society, 1984, p. 2183-2189 
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AHSIRAi l; in) lowing the palh ol space PV colleclut devel 
opnient in its early stages, terrestrial PV technologies 
based upon single crystal silicon have matured rapidly. 
Currently, terrestrial PV cells with efficiencies approach 
ing space cell efficiencies are being fabricated into mod 
ules at a fraction of the space PV module cost. New mater- 
ials, including CulnSe 2 and a Si, are being developed for 
lowering the cost, and mult i j unc t i on materials for achiev 
ing higher efficiency. Large grid interactive, tracking 
flat plate power systems and concentrator PV systems total 
ing about 10 MW, are already in operation. Collector tech- 
nology development both flat-plate and concentrator, will 
continue under an extensive government and private 
industry partnership. 


TITLE: StaLus of High Efficiency Module Design and 

Fabrication of Solar Cells 
AUTHOR: M.J. Nowlan and M.B. Spitzer 

CORPORATE AUTH: Spire Corp., Bedford, Massachusetts 

MEETING LOCATION: 1ECEC '84: Advanced Energy Systems. 

Their Role in Our Future; Proceedings 
of the Nineteenth Intersociety Energy 
Conversion Engineering Conference, San 
Francisco, California, Aug. 19-24, 

1984. Vol. 4 (A85 45351 22-44). La 
Grange Park, Illinois, American Nuclear 
Society, 1984, p. 2177-2182 

ABSTRACT: The status of an ongoing DOE program to develop 

an AMI photoelectric module with 15% conversion efficiency 
at normal heating temperatures, is reviewed. Emphasis is 
given to the efforts of a private company to develop a 
high efficiency module which also has high durability in 
normal operating conditions. The main design options 
considered are: high efficiency modules; large area 
modules; and optimized module fabrication techniques. The 
design of an automatic system for encapsulating module 
stacks is described. 


TITLE: Discoloration of Poly(vinyl butyral) in Cells 

Exposed to Real and Simulated Solar Environments 
AUTHOR: Q. Kim and A. Shumka 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Solar Cells (ISSN 0379-6787), vol. 12, Sept. 

1984, p. 345-352 

ABSTRACT: The discoloration of PVB films used in solar 

cell modules is described. Transmission absorption, 

Fourier transformation 1R absorption and atomic absorption 
spectroscopy as well as scanning electron microscopy were 
used for this study. The discoloration of the PVB has 
been found to be affected by oxygen, moisture, temperature 
and light. However, the most severe discoloration observed 
is clearly associated with the migration of positive silver 
ions, which can be accelerated in the presence of electric 
fields. The metallization la tha source of the silver, 
and the data are consistent with an interfacial reaction 
between the silver and PVB followed by transport into the 
polymer . 


TITLE: Investigation of Liquid Dopants for the Production 

of High-Efficiency Solar Celia from Dendritic Web 
Silicon 

AUTHOR: K.S. Tarneja, R.B. Campbell, and P. Alexander 

CORPORATE AUTH: Uestinghouse Electric Corp., Pittsburgh, 

Pennsylvania; Jet Propulsion Laboratory 
PUBLICATION: Electrochemical Society, Journal (ISSN 

0013-4651), vol. 131, Oct. 1984, 
p. 2438-2441 

ABSTRACT: None. 


TITLE: Solar-Cell Interconnect Design for Terrestrial 

Photovoltaic Modules 

AUTHOR: G.R. Mon, D.M. Moore, and R.C. Ross, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 
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FUUl.lCAl ION: A SHE , IT ansae L 1 oils , Journal ui Solar Energy 

Engineering (ISSN 0199 7231), vol . 106, Nov. 

1984, p. 379 386. 

ABSTRACT: Useful solar cell interconnect reliability de 

sign and life prediction algorithms are presented, together 
with experimental data indicating, that the classical strain 
cycle (fatigue) curve for the interconnect material does 
not account for the statistical scatter that is required 
in reliability predictions. This shortcoming is presently 
addressed by filling a functional form to experimental cum- 
ulative interconnect failure rate data, which thereby 
yields statistical fatigue curves enabling not only the 
prediction of cumulative interconnect failures during the 
design life of an array field, but also the quantitative 
interpretation of data from accelerated thermal cycling 
tests. Optimal interconnect cost reliability design 
algorithms are also derived which may allow the minimize 
tion of energy cost over the design life of the array 
field. 


TLTLK: Quantification of the Effects of Generation 

Volume, Surface Recombination Velocity, and 
Diffusion Length on the Electron Beam Induced 
Current and Its Derivative Determination of 
Diffusion Lengths in the Low Micron and Submicron 
Ranges 

AUTHOR: K.L. Luke, 0. Von Roos , and L. J. Cheng 

CORPORATE AUTH: California State Univ., Long Beach, 

California; Jet Propulsion Laboratory, 
PUBLICATION: Journal of Applied Physics (ISSN 0021 8979), 

vol. 57, March 15, 1985. p. 1978 1984 

ABSTRACT: A systematic and quantitative analysis Is 

carried out to investigate the effects of the shape (point, 
cube, Gaussian) and size of the generation volume, the 
surface recombination velocity, and the diffusion length 
on the EBIC and its derivative (DEIC). Thick homogene 
ously doped samples exhibiting diffusion lengths in the 
low micron and aubmicron range are considered. The results 
are presented in computed EBIC curves as a function of 
scanning distance and of the ratio true diffusion length/ 
effective diffusion length. Shown using these curves are: 
(1) a simple and yet rigorous method for the determination 
of the true diffusion length, taking into consideration 
all of the factors cited above, (2) a method for the rapid 
determination of the surface recombination velocity, 

(3) the condition under which the source shape becomes 
insignificant, and (4) a new value for the lower limit of 
the diffusion length which can be determined by the EBIC 
technique . 


TITLE: Lattice Defects within Grain Volumes that Affect 

the Electrical Quality of Cast Polycrystalline 
Silicon Solar-Cell Materials 
AUTHOR: K.C. Yoo, S.M. Johnson, and W.F. Regnault 

CORPORATE AUTH: Maryland, University, College Park, 

Maryland; Solarex Corp., Rockville, 
Maryland 

PUBLICATION: Journal of Applied Physics (ISSN 

0021 8979), vol. 57, March 15, 1985, 
p. 2258-2266 

ABSTRACT: None. 


TITLE: Characteristics and Performance of Silicon Solar 

Cells Between Low and High Level Injection. 

II - Results of the study 
AUTHOR: M.A. Wolf and M. Wolf 

CORPORATE AUTH: Cadmus Computer Systems, Inc., Lowell, 

Massachusetts; University of 
Pennsylvania , Philadelphia, Pennsylvania 
PUBLICATION: IEEE Transactions on Electron Devices (ISSN 

0018-9383), vol. ED-32, April 1985, 

p. 800-806. 

ABSTRACT: The I-V characteristics of three typical aolar- 


iell si i in l ui os have been computed by making use ui (lie 
extended transport velocity transformation method described 
by Wolf and Wolf (1984). The considered terminal voltages 
cover a range of injection levels, including levels for 
which the usual low level assumption is valid and levels 
for which the usual high level assumption is satisfied. 
Attention is given to a structure having a wide base with 
uniform moderately high doping, a structure having a nar 
row base with uniform low doping, a structure having a 
base region including a high low junction, a comparison of 
the effects of the different cell structures, and solar 
cell performance studies. 


TITLE: Sputtered UN Diffusion Barriers 

AUTHOR: HP. Katlelus, E. Kolawa, K . Affolter, and 

HA. Nicolet 

CORPORATE AUTH: California Inst, of Tech., Pasadena, 

Cal i f orn i a 

PUBLICATION: (American Vacuum Society, American Society 

fur Metals, International Union for Vacuum 
Sciences, Techniques, and Applications, et 
al . , International Conference on 
Metallurgical Coatings, 12th, Los Angeles, 
California, Apr. 15-19, 1985) Journal of 
Vacuum Science and Technology A (ISSN 
0734 2101), vol. 3, Nov. Dec. 1985, 
p. 22 46-2254 

ABSTRACT: The thermal stability of reactively sputtered 

tungsten nitrogen alloy thin films is investigated for the 
application as diffusion barriers in Si contact metalliza 
tions. The composition of W N barriers is varied over a 
wide range including pure W. Aluminum, gold, and silver 
are used as low resistivity overlayers. Metallurgical 
interactions at temperatures ranging from 500 to 900 C are 
studied. Incorporating nitrogen into tungsten advantag 
eously stabilizes all three systems. The overall failure 
takes place rapidly above critical temperatures that 
depend on both the metal overlayer and the microstructure 
of the barrier. In some cases, W N alloys can effectively 
prevent i nt ord i t f us ion at temperatures as high as 800 C 
for 30 min. 


TITLE: Development of Design Criteria and Qualification 

Tests for Bypass Diodes in Photovoltaic 
Appl i cat ions 

AUTHOR: DM. Otth, R S. Sugimura, and R.G. Ross, Jr 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Institute of Environmental Sciences, 

Annual Technical Meeting, 31st, Las 
Vegas, Nevada, April 30 May 2, 1985, 
Proceedings (A86 23001 09 38). Mount 
Prospect, Illinois, 1985, p. 242-248 

ABSTRACT: Design criteria have been developed for bypass 

diodes in p n and Schottky barrier In PV applications A 
test method for assessing conformity to the design 
criteria is described. Junction temperatures are defined 
in terms of expected worst case field conditions, including 
ambient temperature and solar Icradlance on the PV module. 
The rating criteria address the maximum allowable current 
ar.d heat sink characteristics of diodes mounted inside or 
outside the PV module. The method establishes worst case 
module to diode thermal interfaces and may be adapted for 
laboratory or field site experiments. A list of the design 
criteria Is given. 

TITLE: Development and Testing of Advanced Fire-Resistant 

Photovoltaic Modules 

AUTHOR: R . S . Sugimura , D.H. Otth, and R.G. Rosa, Jr. 

CORPORATE AUTH: Jet Propulsion Laboratory 

MEETING LOCATION: Institute of Environmental Sciences, 

Annual Technical Meeting, 31st, Las 
Vegas, Nevada, April 30-Hay 2, 1985, 
Proceedings (A86- 23001 09-38) . Mount 
Prospect, Illinois, 1985, p. 337-343 
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AliSIKALl: lilt* evaluation ot back surlace materials tlam 

mability in order to identify fire resistant module designs 
is examined. The fire test apparatus, burning brand test 
sequence, and spread of flame test sequence are described. 
Video recordings and time temperature profiles of module 
back surfaces are utilized to study the f lanvuabi 1 1 ty fail- 
ure mechanism and identify high temperature materials. A 
table of flammability test results for various module 
designs is provided. The data reveals that 2-mil kapton, 
fiberglass cloth coated or Impregnated with a material to 
plug pores, and metal foil back surface materials achieve 
class A and B f i re -res i s tance levels, and are applicable 
for PV module designs. 


TITLE: Effect of Recombination on the Open Circuit 

Voltage of a Silicon Solar Cell 
AUTHOR: 0. Von Roos and P.T. Landsberg 

CORPORATE AUTH: Jet Propulsion Laboratory; Southampton 

Univ. (England) 

PUBLICATION: Journal of Applied Physics (ISSN 0021 89/9), 

vo 1 . 57, May 15, 1985, p. 4746 4751 

ABSTRACT: A theoretical study of the Influence of band 

band Auger, band trap Auger, and the ordinary Shockley 
Read Hall mechanism for carrier recombination on the V QC 
of a solar cell is presented. Under reasonable assumptions 
for the magnitude of rate constants and realistic values 
for trap densities, surface recombination velocities and 
baud gap narrowing, the maximum V oc for typical back 
surface field solar cells is found to lie in the range 
between 0.61 and 0.72 V independent of base width. 


TITLE: Trap Controlled Mi nor i ty- Carr ier Mobility in 

Heavily Doped Silicon 

AUTHOR: A. Neugroschel , F.A. Lindholm, and C.T. Sah 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida; University of Illinois, Urbana, 
Illinois 

PUBLICATION: Solar Cells (ISSN 0378 6787) vol . 14, July 

1985, p. 211 217 

ABSTRACT: The activation behavior of the minority carrier 

mobility and diffusivity in heavily doped (about 10^/cu 
cm) Si(Si:As) was Investigated in the temperature range, 

20 to 350K. Experimental results indicate that hole 
transitions between the valence band and localized shallow 
states give rise to the observed behavior. The activation 
energy is about 10 MeV , which suggests that the localized 
states originate from band tails but does not rule out 
trapping at boron atoms in the compensated n + region. 


TITLE; Heavily Doped Polyslllcon Contact Solar Cells 
AUTHOR: F.A. Lindholm, A. Neugroschel, M. Arlenzo, and 

P . A . lies 

CORPORATE AUTH: University of Florida, Gainesville, 

Florida; IBM Watson Research Center, 
Yorktown Heights, New York; Applied Solar 
Energy Corp., City of Industry, California 
PUBLICATION: IEEE Electron Device Letters (ISSN 

0741 3106), vol. RDL 6, July 1985, p. 363 365 

ABSTRACT: The first use of a (Si)/heavily doped polyaill 

con ) / (me t al ) structure to replace the conventional high low 
junction or BSF structure of Si solar cells is reported. 
Compared with BSF and back ohmic contact (BOC) control 
samples, the polysilicon back solar cells show improvements 
in red spectral response (RSR) and open circuit voltage. 
Measurement reveals that a decrease in effective surface 
recombination velocity S ia responsible for this improve 
ment Decreased S results for n type (Si:As) polysilicon, 
consistent with past findings for bipolar transistors, and 
for p type (Si:B) polysilicon, reported here for the first 
time. Though the present polysilicon-back solar cells are 
far from optimal, the results suggest a new class of 
designs for high efficiency Si solar cells. Detailed 
technical reasons are advanced to support this view. 


illl.E: Mictoliat dness ot Carbon Doped (111) p type 

Czochralski Silicon 

AUTHOR: S. Danyluk, D.S. Lim, and J. Kalejs 

CORPORATE AUTH: Chicago Univ., Chicago. Illinois; Mobil 

Solar Energy Corp. , Waltham, Massachusetts 
PUBLICATION: Journal of Materials Science Letters (ISSN 

0261 8028), vol. 4, Sept. 1985, p. 1135-1137 

ABSTRACT: The effect of carbon on (111) p type Cz Si is 

examined. The preparation of the Si and microhardness 
leBt procedures are described, and the equation used to 
determine mi crohardness from indentations in the Si wafers 
is presented. The results indicate that as the carbon 
concentration in the Si increases the microhardness 
increases. The linear increase in microhardness is the 
result of carbon hindering dislocation motion, and the 
effect of temperature on Si deformation and dislocation 
mobility is explained. The measured microhardness was 
compared with an analysis which is baaed on dislocation 
pinning by carbon; a good correlation was observed. The 
Labusch model for the effect of pinning sites on 
dislocation motion is given. 

TITLE: Attainment of Transparent Boron Implanted Layers 

for Silicon Solar Cell Applications 
AUTHOR: MB. Spitzer and C.J. Keavney 

CORPORATE AUTH: Spire Corp., Bedford, Massachusetts 

PUBLICATION: Applied Physics Letters (ISSN 0003 6951), 

vol. 47, Oct. 1, 1985, p. 731, 732 

ABSTRACT: The formation of boron doped p + layers that 

are transparent to mlnori ty- carrier transport is reported. 
Ion implantation is used to limit the peak dopant concen 
tratlon to 5 x 10^®/cu cm so as to avoid deleterious 
heavy doping effects. Solar cell open circuit voltage of 
657 mV has been obtained in this way. The importance of 
surface passivation is indicated. 


TITLE: Circuit Analysis Method for Thin-Fllm Solar Cell 

Modules 

AUTHOR: D.R. Burger 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION : Solar Cells ( ISSN 03 79 6787 ) , vol. 15, Dec. 

1985, p. 343 351 

ABSTRACT: The design of a thin film solar cell module is 

dependent on the probability of occurrence of pinhole 
shunt defects. Using known or assumed defect density 
data, dichotomous population statistics can be used to 
calculate the number of defects expected in a module. 
Probability theory is then used to assign the defective 
cells to individual strings in a selected series parallel 
circuit design. Iterative numerical calculation is used 
to calcuate IV curves using cell test values or assumed 
defective cell values aa Inputs. Good and shunted cell 
I-V curves are added to determine the module output power 
and I-V curve. Different levels of shunt resistance can 
be selected to model different defect levels. 


TITLE: Direct Experimental Determination of Voltage 

Across High Low Junctions 
AUTHOR: T. Daud and F.A. Lindholm 

CORPORATE AUTH: Jet Propulsion Laboratory; Florida 

Univ., Gainesville, Florida 

PUBLICATION : Journal of Applied Physics (ISSN 0021 6979), 

vol. 59, Jan. 1, 1986, p. 285 287 

ABSTRACT: High- low (HL) junctions form a part of many 

semiconductor devices, including back surface field solar 
cells. A first experimental determination and interprets 
tion of the voltage acroBs the HL junction under low and 
high injection conditions is presented as a function of 
the voltage across a nearby p/n junction. Theoretical 
analysis from first principles is shown to bear well on 
the experimental results. In addition, a test structure Is 
proposed for measurement of the effective surface recombi- 
nation velocity at the HL Junctions. 
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TITLE: DuL Junction Solar Cell* 

AUTHOR: T. Daud and G.T. Crotty 

CORPORATE AUTH: Jet Propulsion Laboratory 

PUBLICATION: Journal of Applied Physics (ISSN 0021-8979), 

vol . 59, April 1, 1986, p. 2566-2570 

ABSTRACT: A design of solar cells with reduced junction 

area on the cell surface is investigated for reduction of 
saturation current and increase In open circuit voltage. 

Equ id i ameter dot junctions distributed across the surface 
of the cell offer an efficient alternative, with variations 
in dot diameter and in the spacing between dots giving the 
required variations in the ratio of junction area to total 
surface area. A simplified analysis for short circuit 
current and other cell parameters, which enables cell 
design optimization, is presented. Experimental solar-cell 
performance results, as functions of different area ratios, 
are presented and compared with the model. It ia shown 
that saturation current reduction is possible for achieving 
efficiencies as high as 18 X in flat plate terrestrial 
applications. 
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APPENDIX A 


LIST OF FSA CONTRACTORS 


AEROCHEM RESEARCH LABORATORIES, INC. 
AEROCHEM RESEARCH LABORATORIES, INC. 
AEROCHEM RESEARCH LABORATORIES, INC. 
AEROCHEM RESEARCH LABORATORIES, INC. 

AIA RESEARCH CORP . 

APPLIED SOLAR ENERGY CORP. 

(OPTICAL COATING LABORATORY, INC.) 

APPLIED SOLAR ENERGY CORP. 

(OPTICAL COATING LABORATORY, INC.) 

APPLIED SOLAR ENERGY CORP. 

APPLIED SOLAR ENERGY CORP. 

(OPTICAL COATING LABORATORY, INC.) 

APPLIED SOLAR ENERGY CORP. 

APPLIED SOLAR ENERGY CORP. 

APPLIED SOLAR ENERGY CORP. 


Synthesis of Silane and Silicon in a 
Non-equi librium Plasma Jet 
CONTRACT: 954560 

Silicon Halide-Alkali Metal Flames as a 
Source of Solar Grade Silicon 
CONTRACT: 954777 

Development of Model and Computer Code 
for Silicon Reaction 
CONTRACT: 954862 

Development of Processes for the Produc- 
tion of Solar Grade Silicon from Silicon 
Halides and Alkali Metals 
CONTRACT: 955491 

Integrated Residential Photovoltaic 

Development 

CONTRACT: 955893 

Assessment of Present State-of-the-art 
Sawing of Large Diameter Ingots for 
Solar Sheet Material 
CONTRACT: 954830 

High-Efficiency, Long-Life Terrestrial 
Solar Panel 
CONTRACT: 954831 

Silicon Solar Cell Process Development, 
Fabrication and Analysis 
CONTRACT: 955089 

Evaluation of Ion-Implanted Silicon 
Solar Cells 
CONTRACT: 955118 

Development of High-Efficiency (14%) 
Solar Cell Array Module 
CONTRACT: 955217 

Development of Low-Cost Contacts to 
Silicon Solar Cells 
CONTRACT: 955244 

Design, Fabrication, Test and Price 
Analysis of "Third Generation" Design 
Solar Cell Modules 
CONTRACT: 955409 
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APPLIED SOLAR ENERGY CORP . 

APPLIED SOLAR ENERGY CORP. 

APPLIED SOLAR ENERGY CORP. 

APPLIED SOLAR ENERGY CORP. 

ARCO SOLAR, INC. 

ARCO SOLAR, INC. 

ARCO SOLAR, INC. 

ARCO SOLAR, INC. 

ARCO SOLAR, INC. 

ARCO SOLAR, INC. 

ARCO SOLAR, INC. 

ARIZONA STATE UNIVERSITY 
ASTROSYSTEMS , INC. 


Laboratory Services to the Low-Cost Solar 
Project Production Process and Equipment 
Area 

CONTRACT: 955423 

Intermediate Load Modules for Test and 
Evaluat ion 
CONTRACT: 956350 

Microcrystalline Silicon Growth for 
Heterojunction for Solar Cells 
CONTRACT: 956369 

Development of High-Efficiency Solar 
Cells 

CONTRACT: 957098 

Solar Cell Panel Development Effort 
CONTRACT: 954751 

Automated Solar Panel Assembly Line 
CONTRACT : 955278 

Vacuum Die Cast of Silicon Sheet for 
Photovoltaic Applications 
CONTRACT: 955325 

Design, Fabricate, Test, Qualification 
and Price Analysis of "Third Generation" 
Design Solar Cell Modules 
CONTRACT: 955402 

Design of Block V Solar Cell Modules 1981 
CONTRACT: 956097 

Block V Documentation and Solar Cell 
Modules 

CONTRACT: 956336 

Adapt Pulsed Excimer Laser Processing 
Technology to Fabricate Cost-Effective 
Solar Cells 
CONTRACT: 956831 

Evaluation/Calibration of a Czochralski 
(Cz) Crystal Growth System 
CONTRACT: 956876 

Silicon Film Solar Cell Process 
CONTRACT: 956769 


BATTELLE MEMORIAL INSTITUTE, Module Encapsulation Task of Low-Cost 

COLUMBUS LABORATORIES Silicon Solar Array Project 

CONTRACT: 954328 
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BATTELLE MEMORIAL INSTITUTE, 
COLUMBUS LABORATORIES 

BATTELLE MEMORIAL INSTITUTE, 
COLUMBUS LABORATORIES 

BATTELLE MEMORIAL INSTITUTE, 
COLUMBUS LABORATORIES 

BECHTEL NATIONAL, INC. 
BECHTEL NATIONAL, INC. 

BERND ROSS ASSOCIATES 
BERND ROSS ASSOCIATES 


BURT HILL KOSAR RITTELMANN ASSOC. 


BURT HILL KOSAR RITTELMANN ASSOC. 


BURT HILL KOSAR RITTELMANN ASSOC. 


C.T. SAH ASSOCIATES 


C.T. SAH ASSOCIATES 


CARNEG I E-MELLON UNIVERSITY 


Part 1-Evaluation of Silicon Production 
Suitable for Solar Cells 
CONTRACT: 954339 

Study Program to Develop and Evaluate 
Die and Container Materials 
CONTRACT: 954876 

Study Program to Develop & Evaluate Die 
& Container Materials 
CONTRACT: 955582 

Development of Requirements for Terres- 
trial Solar Arrays 
CONTRACT: 954698 

Terrestrial Central Power Utility Array 
Life-Cycle Analysis 
CONTRACT: 954848 

Economical Improved Thick Film Solar 
Cell Contact 
CONTRACT: 955164 

Development of an All Metal Thick Film 
Cost Effective Metallization System for 
Solar Cells 
CONTRACT: 955688 

Residential Photovoltaic Modules Require- 
ments Study 
CONTRACT: 955149 

Commercial/ Indus trial Photovoltaic 
Modules Requirements Study 
CONTRACT: 955698 

Operation & Maintenance Cost Data for 
Residential Photovoltaic Modules/Panels 
CONTRACT: 955614 

A Study of Effects of Impurities in 
Silicon Material 
CONTRACT: 954685 

Conduct a Study of Relationships of 
Material Properties and High Efficiency 
Solar Cell Performance on Material 
Composition 
CONTRACT: 956289 

An Exploratory Study of Product Safety 
and Product Liability Considerations for 
Photovoltaic Module/Array Devices 
CONTRACT: 955846 
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CASE WESTERN RESERVE UNIVERSITY 

CHRONAR CORP. 

CLEMSON UNIVERSITY 

COORS PORCELAIN CO. 

CORNELL UNIVERSITY 


CORNELL UNIVERSITY 
CRYSTAL SYSTEMS, INC. 

CRYSTAL SYSTEMS INC. 

DOW CORNING CORP. 

DOW CORNING CORP. 

EAGLE-PICHER INDUSTRIES, INC. 


Encapsulation System Studies for Low Cost 
Silicon Solar Array 
CONTRACT: 954738 

Amorphous Silicon Module Research 
CONTRACT: 957297 

Investigation of Reliability Attributes 
and Accelerated Stress Factors on Terres- 
trial Solar Cells 
CONTRACT: 954929 

Study Program to Develop and Evaluate 
Substrate and Container Materials 
CONTRACT: 954878 

Characterization of Structural, Electri- 
cal and Chemical Properties of Silicon 
Sheet Material Produced Under the Large 
Area Silicon Sheet Task of the Low Cost 
Silicon Solar Array Project 
CONTRACT: 954852 

Investigation of Physical Structure and 
the Chemical Nature of Defects in the 
Silicon Sheet Material Developed by the 
LSA Project 
CONTRACT: 956046 

Heat Exchanger-Ingot Casting/Slicing Pro- 
cess, Silicon Sheet Growth Development 
for the Large Area Silicon Sheet Task of 
the Low-Cost Silicon Solar Array Project 
CONTRACT: 954373 

Multi-Wire Watering Technology Develop- 
ment by a Fixed Abrasive Slicing Tech- 
nique (FAST) 

CONTRACT: 956073 

Task I - Silicon Material Part 3 
CONTRACT: 954559 

Develop Silicon Encapsulation Systems 
for Terrestrial Silicon Solar Arrays 
CONTRACT: 954995 

Study Program to Develop and Evaluate 
Die and Container Material 
CONTRACT: 954877 



ELECTRINK, INC . 


ENDUREX CORP . 


ENERGY MATERIALS CORP. 


ENERGY MATERIALS CORP. 
ENERGY MATERIALS CORP. 


Laboratory Services for the Development 
and Characterization of Screenable Mater- 
ials Utilized in the Fabrication of Solar 
Cells 

CONTRACT: 956985 

Solar Cell Module Ion-Plating Process and 
Testing 

CONTRACT: 954728 

Gaseous Melt Replenishment System 
CONTRACT: 955269 

Low-Angle Silicon Sheet Growth 
CONTRACT: 955378 

Electrochemical Production of Silicon 
CONTRACT: 956553 


ENERGY MATERIALS CORP. 


GENERAL ELECTRIC CO. 


GENERAL ELECTRIC CO. 


GENERAL ELECTRIC CO. 


GENERAL ELECTRIC CO. 


GENERAL ELECTRIC CO. 


Technology Development for Low-Angle 
Silicon Sheet (LASS) Growth Technique 
for Photovoltaic Applications 
CONTRACT: 956822 

Floating Substrate Sheet Growth Process, 
Silicon Sheet Growth Development for the 
Large Area Silicon Sheet Task of the Low 
Cost Silicon Solar Array Project 
CONTRACT: 954350 

Development and Testing of Shingle-Type 
Solar Cell Modules 
CONTRACT: 954607 

Design, Fabrication, Test, Qualification 
and Price Analysis of "Third Generation" 
Design Solar Cell Modules 
CONTRACT: 955401 

Integrated Residential Photovoltaic Array 

Development 

CONTRACT: 955894 

Design of Block V Solar Cell Module 1981 
CONTRACT: 956098 


GENERAL ELECTRIC CO. 


GNOSTIC CONCEPTS 


Research Associated with Requirements for 
the Encapsulation of Protective Bypass 
Diode Diode Chips in Photovoltaic Modules 
with Current Ratings from 2 to 20 amps 
CONTRACT: 956254 

Industrialization Study 
CONTRACT: 954899 


A-5 



HEMLOCK SEMICONDUCTOR CORP. 


HONEYWELL, INC. 


IBM CORP. 


IIT RESEARCH INSTITUTE 


ILLINOIS TOOL WORKS, INC. 


J.C. SCHUMACHER CO. 


KAYEX CORP. 


KAYEX CORP. 


KAYEX CORP. 


KINETIC COATING, INC. 


KULICKE AND SOFFA INDUSTRIES, 


Development of a Polysilicon Process 
Based on Chemical Vapor Deposition 
CONTRACT: 955533 

Dip Coating Process, Silicon Sheet Growth 
Development for the Large Area Silicon 
Sheet Task of the Low Cost Silicon Solar 
Array Project 
CONTRACT: 954356 

Silicon Ribbon Growth Using a Capillary 
Action Shaping Technique 
CONTRACT: 954144 

Technical Support in Reliability Engine- 
ering of Photovoltaic Modules 
CONTRACT: 955720 

Demonstration of Capability to Deposit 
Anti-Reflective (AR) Coatings by Ion- 
Plating 

CONTRACT: 955506 

High Velocity Continuous-Flow Reactor for 
Production of Solar Grade Silicon, Under 
the Low Cost Silicon Solar Array Project 
CONTRACT: 954914 

Development of Advanced Methods for 
Continuous Czochralski Growth, Silicon 
Sheet Growth Development for the Large 
Area Silicon Sheet Task of the Low Cost 
Silicon Solar Array Project 
CONTRACT: 954888 

Low-Cost Czochralski Crystal Growing 

Technology 

CONTRACT: 955270 

Development of an Advanced Czozhralski 
Growth Process to Produce Low-Cost 150 
Kg Silicon Ingots from a Single Crucible 
Technology Readiness 
CONTRACT: 955733 

Phase 2 of the Array Automated Assembly 
Task for the Low-Cost Silicon Solar 
Array Project 
CONTRACT: 955079 

INC. Automated Solar Module Assembly Line 

CONTRACT: 955287 
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LAMAR UNIVERSITY 

LOCKHEED MISSILES & SPACE CO., INC. 
LOCKHEED MISSILES & SPACE CO., INC. 
LOCKHEED MISSILES & SPACE CO., INC. 

LOCKHEED MISSILES & SPACE CO., INC. 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

MATERIALS RESEARCH, INC. 

MATERIALS RESEARCH, INC. 

MATERIALS RESEARCH, INC. 

MOBIL SOLAR ENERGY CORP. 

(TYCO LABORATORIES, INC.) 

MOBIL SOLAR ENERGY CORP. 

(MOBIL TYCO SOLAR ENERGY CORP.) 

MOBIL SOLAR ENERGY CORP. 

(MOBIL TYCO SOLAR ENERGY CORP.) 

MOBIL SOLAR ENERGY CORP. 

(MOBIL TYCO SOLAR ENERGY CORP.) 


Process Feasibility Study in Support of 
Silicon Material, Task I 
CONTRACT: 9543 A3 

Spraylon Fluorocarbon Encapsulation for 
Silicon Solar Cell Arrays 
CONTRACT: 954410 

Transparent Solar Cell Module Development 
Effort 

CONTRACT: 954653 

Phase 2 of the Array Automated Assembly 
Task for the Low Cost Silicon Solar Array 
Project 

CONTRACT: 954898 

Evaluation of Laser Annealing of Solar 
Cells 

CONTRACT: 955696 

Investigation of the Hydrogenation of 
SiCl 4 

CONTRACT: 955382 

Study and Analysis of High-Speed Growth 
of Silicon Sheet in Inclined Meniscus 
Configurations 
CONTRACT: 956919 

Analysis of Defect Structure in Silicon 
CONTRACT: 956406 

Quantitative Analysis of Defects in 
Silicon 

CONTRACT: 954977 

Analysis of Defect Structure in Silicon 
CONTRACT: 955676 

Thick Film Silicon Growth Techniques 
CONTRACT: 953365 

Edge-Defined Film-Fed Growth (EFG) Pro- 
cess for Silicon Sheet Growth Development 
for the Large Area Silicon Sheet Task of 
the Low Cost Silicon Solar Array Project 
CONTRACT: 954355 

Solar Modules 
CONTRACT: 954999 

Design of Block V Solar Cell Modules 1981 
CONTRACT: 956099 



MOBIL SOLAR ENERGY CORP. 


Crystal Growth by Edge-Defined Film-Fed 
Growth Technique (EFG) 

CONTRACT: 956312 


MOBIL SOLAR ENERGY CORP. 
MONSANTO RESEARCH CORP. 
MOTOROLA, INC. 

MOTOROLA, INC. 

MOTOROLA, INC. 

MOTOROLA, INC. 

MOTOROLA, INC. 

MOTOROLA, INC. 

MOTOROLA, INC. 

MOTOROLA, INC. 

MOTOROLA, INC. 


Block V Documentation and Solar Cell 
Modules 

CONTRACT: 956335 

Silicon Material Task of the Low-Cost 
Silicon Solar Array Project, Part 2 
CONTRACT: 954338 

Phase I of the Automated Array Assembly 
Task of the Low Cost Silicon Solar Array 
Project 

CONTRACT: 954363 

Laser-Zone Growth in a Ribbon-to-Ribbon 
(RTR) Process, Silicon Sheet Growth 
Development for the Large Area Silicon 
Sheet Task of the Low Cost Silicon Solar 
Array Project 
CONTRACT: 954376 

Silicon Material Task Low Cost Silicon 
Solar Array Project Part I 
CONTRACT: 954442 

Metallization of Large Silicon Wafers 
CONTRACT: 954689 

Solar Cell Modules with Parallel-Oriented 

Interconnections 

CONTRACT: 954716 

Studies and Testing of Antireflective 
Coatings for Soda-Lime Glass 
CONTRACT: 954773 

Phase 2 of the Array Automated Assembly 
Task for the Low Cost Silicon Solar 
Array Project 
CONTRACT: 954847 

The Development of a Method of Producing 
Etch Resistant Wax Patterns on Solar 
Cells 

CONTRACT: 955324 

The Establishment of a Production-Ready 
Manufacturing Process Utilizing Thin 
Silicon Substrates for Solar Cells 
CONTRACT: 955328 
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MOTOROLA, INC. 

MOTOROLA, INC. 

MOTOROLA, INC. 

MOTOROLA, INC. 

MOTOROLA, INC. 

NATIONAL RESEARCH FOR GEOSCIENCES 
LABORATORIES, INC. 

NORLIN INDUSTRIES, INC. (P.R. HOFFMAN CO.) 

NORTH CAROLINA A&T UNIVERSITY FOUNDATION, 

NORTH CAROLINA STATE UNIVERSITY 

NORTHROP CORP. 

OREGON STATE UNIVERSITY 

PENNSYLVANIA STATE UNIVERSITY 

PHOTOWATT INTERNATIONAL, INC. 

(SENSOR TECHNOLOGY, INC.) 


Anti-reflective Coatings on Large Area 
Glass Sheets 
CONTRACT: 955339 

Photovoltaic Module Electrical Termina- 
tion Design Requirements Study 
CONTRACT: 955367 

Anti-Reflective Coatings Applied by Acid- 
Leaching Process 
CONTRACT: 955387 

Design, Fabrication, Test, Qualification 
and Price Analysis of "Third Generation" 
Design Solar Cell Modules 
CONTRACT: 955 406 

Processing Experiments on the Non- 
Czochralski Silicon Sheet (MEPSDU 
Support Contract) 

CONTRACT: 955844 

Evaluation of LSA Test and Performance 
Methods 

CONTRACT: 956083 

Slicing of Single Crystal and Polycrys- 
talline Silicon Ingots using Multi-Blade 
Saws 

CONTRACT: 955563 

Study of the Effects of Row-to-Row 
Shading on Photovoltaic Arrays 
CONTRACT: 957021 

Rapid Thermal Processing of Ion-Implanted 
Silicon 

CONTRACT: 957175 

Lifetime Measurement Analysis 
CONTRACT: 954614 

Development of Fluidized-Bed Silicon 

Technology 

CONTRACT: 956133 

Use of Low Energy Hydrogen Ion Implants 
in High Efficiency Crystalline Silicon 
Solar Cells 
CONTRACT: 957126 

Low Cost Silicon Solar Array Project, 

Large Scale Production Task, Eight (8) 
Kilowatts of Solar Cell Modules 
CONTRACT: 954387 
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PHOTOWATT INTERNATIONAL, INC. 
(SENSOR TECHNOLOGY, INC.) 


PHOTOWATT INTERNATIONAL, INC. 
(SENSOR TECHNOLOGY, INC.) 

PHOTOWATT INTERNATIONAL, INC. 
(SENSOR TECHNOLOGY, INC.) 


PHOTOWATT INTERNATIONAL, INC. 
(SENSOR TECHNOLOGY, INC.) 

PHOTOWATT INTERNATIONAL, INC. 
(SENSOR TECHNOLOGY, INC.) 

PHOTOWATT INTERNATIONAL, INC. 
(SENSOR TECHNOLOGY, INC.) 


PHOTOWATT INTERNATIONAL 


PHOTOWATT INTERNATIONAL 
POLYTECHNIC INSTITUTE OF NEW 

POLYTECHNIC UNIVERSITY 
PURDUE RESEARCH FOUNDATION 

PURDUE RESEARCH FOUNDATION 


Low Cost Silicon Solar Array Project, 
Large Scale Production Task, 40 Kilowatts 
Solar Cell Modules 
CONTRACT: 954565 

Development of Low-Cost, High-Energy- 
Per-Uni t-Area Solar Cell Modules 
CONTRACT: 954605 

Phase 2 of the Array Automated Assembly 
Task for the Low Cost Silicon Solar Array 
Project 

CONTRACT: 954865 

Development of Low-Cost Polysilicon Solar 
Cells 

CONTRACT: 955265 

In-Depth Study of Silicon Wafer Surface 

Texturing 

CONTRACT: 955266 

Design Fabrication, Test, Qualification 
and Price Analysis of "Third Generation: 
Design Solar Cell Modules 
CONTRACT: 955410 

Development of Technique for AR Coatings 
and Nickel Copper Metallization of Solar 
Cells 

CONTRACT: 955986 

Intermediate Load Module for Test and 

Evaluation 

CONTRACT: 956351 

YORK Development and Demonstration of 

Synthetic Procedures for Polymeric 
Ultraviolet Stabilizers and Absorbers 
CONTRACT: 956413 

Development of Conducting Polymers 
CONTRACT: 957486 

MOD Silver Metallization for Photo- 
voltaics 

CONTRACT: 956679 

Research on Ink Jet Printing of Silver 
Metallization for Photovoltaics 
CONTRACT: 957031 
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RCA CORP. 

RCA CORP. 

RCA CORP. 

RCA CORP. 

RCA CORP. 

RCA CORP. 

RCA CORP. 

RCA CORP. 

RESEARCH TRIANGLE INSTITUTE 
ROCKWELL INTERNATIONAL CORP. 

ROCKWELL INTERNATIONAL CORP. 


Phase I of the Automated Array Assembly 
Task of the Low Cost Silicon Solar Array 
Project 

CONTRACT: 954352 

Inverted Stepanov Technique (1ST) for 
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